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Abstract

This thesis presents a redundancy identification (RI) method,
namely, the Improved Structure Based (ISB) method, which identifies
redundant faults in logic circuits. Redundant faults are those
faults that are found not detectable by any test pattern in the
process of automatic test pattern generation (ATPG) because they do
not affect the normal circuit function. However, valuable time is
wasted in ATPG algorithms due to the existence of redundant faulcts.
The main purpose of ISB method is to locate redundant faults prior
to applying ATPG algorithms. The ISB method does RI without search
as opposed to most existing ATPG algorithms. The ISB method also
presents significant improvement over existing structure-based
methods for RI. The proposed ISB method can be applied efficiently

to logic circuits with multiple-stem regions and multiple regions.

Iz



Figure Number
2.1.1

t

DRSNS NN
TN

3.1.2(a)
3.1.2(b)
3.2.1
3.3.1
3.3.2
3.33
34.1
342
343

Page

Figure List

III

Figure Number

3.4.4(a)
3.4.4b)
344
3.4.4(d)
35.1

3.5.2(a)
3.5.2(b
Figure |
Figure 2
4.1.1(a)
4.1.1(b)
4.1.2(a)
4.1.2(b)
4.2 1
4.2.1(b)
4.3.1(a)
4.3.1(b)
4.3.2(a)
4.3.2(b)
4.3.2(¢c)
4.3.2(d)
4.4.1

442

4.5.1(a)
4.5.1(b)
4.5.1(c)



Figure List

Figure Number Page Figure Number Page
4.6.1(a) 74 5.5.4(c) 122
4.6.1(b) 75 5.5.5(a) 123
4.6.1(c) 76 5.5.5(b) 123
4.6.1(d) 77 5.5.6 124
5.1.1 81 5.6.1 126
5.2.1(a) 83 5.6.2 126
5.2.1(b) 83
5.2.2 84
5.2.3 85
5.2.4 92
5.2.5 92
5.2.6 94
5.3.1 96
5.3.2 100
5.3.3 100
5.3.4 10!

535 101
5.3.6 102
5.3.7 102
5.4.1 105
5.4.2 106
5.5.1 115
5.5.2 116
5.5.3 121
5.5.4(a) 122
5.5.4(b) 122

Iv



Table Number

2.1.2
2.1.1

2.3.1
5.1.1
5.3.1
5.3.2

5.33

List of Tables

Table Title

Truth Table
Summary of Controlling-values

Truth Table

Path Cv Table

Exit Path Table

Initial Redundancy Table

and Virtual Redundancy Table
Table of Identified Redundancies

Page

oo N

103



TABLE OF CONTENTS

Acknowledgement I
Abstract II
List of Figures III
List of Tables \Y
Table of Contents VI
CHAPTER 1 INTRODUCTION 1

1.1 Overview of The Problem to Be Studied ............

1.2 Contribution of This Thesis ..... .. i i enennnn

1.3 Organization of This Thesis ....... ... ... ... .. . . .. 4
CHAPTER 2 LOGIC CIRCUIT TESTING 5
1 Automatic Test Pattern Generation ................ 5
Some Concepts, Terminology and Definitions ....... 14
Redundant Fault and Redundancy Identification .... 22

CHAPTER 3 OVERVIEW OF THE EXISTING ATPG AND RI METHODS 28

3.1 Some Early approcaches ........ ..., 28

3.2 TOPS (TOPologiceal Search algorithm) .............. 34
3.3 SOCRATES (Structure-Oriented Cost-Reducing

Automatic TESt pattern generation system) ........ 36

4 EST (Equivalent STate hashing algorithm) ......... 40

5 DYRID (Dynamic Redundancy Identification) ........ 45

6 Harihara and Menon's Structure-Based Method ...... 49

VI



Chapter 4 EQUIVALENCE LAWS

Forward Equivalence Law I and II..................
Backward Equivalence Law I ...........0iiiieeenenen.
Backward Equivalence Law II ............ciieneoo...
Forward Equivalence Law III .............0cocoo....

Backward Equivalence Law IITI ...........ccuueoon..

CE S N
o U W N

Forward Equivalence Law IV and

Backward Equivalence Law IV ...........c0tee....

Chapter 5 IMPROVED STRUCTURE-BASED METHOD

5.1 Cv path Identification ............ ... . ...
5.2 Eow Cv Paths Cause Redundancies and

Initial Redundancy Identification ................
5.3 Redundancy Identification in

‘A Single-Stem Region ... .... ...t eneennnn.
5.4 Multiple-Stem Region Analysis ...................
5.5 Multiple Region RI Method ........... ... ... ......

5.6 Comparisons with Some Existing Methods ..........

Chapter 6 SUMMARY AND CONCLUSIONS

VII

61

61
66
67
76C
71

74

104
114
124

127



—

CHAPTER I
INTRODUCTION

1.1 Overview of the Problem to Be Studied

Modern technology has made possibie the fabrication ¢ legic
circuits of ever increasing complexity. In spite of the complex
functions which they support, the physiczl size of these circuits
continues to get smaller. Furthermore thsir cost Zas consistently
decreased. Such complex and very dense 1sgic circuits are cailed
Verv Large Scale Integration (VLSI) and it is these circuits that
provide the foundation for a broad sgectrum c¢f consumer and
technological devices ranging from radics and television sets to

automobiles and automated factories.

Logical circuits however are sucect to Zfaults that can
arise either from manufacturing or design errcrs or from
deterioration after extensive use 'i.e., in & hecstile
environment). The difficulty of dezecting Zfaults clearly
increases with the complexity of the circuit. Conseguently the
growing application of VLSI circuits hzs given rise to the need

for better logic circuit testing methocs and tocls.

Logic circuit testing is typically carried out by applying
test signals to a set of inputs to the circuit and then examining
the response signals that result at = set of outputs of the
circuit. This approach to testing is usuelly very time consuming,

especially when there are many inputs to the circuit.



Another source of testing complexity is the occurrence of
redundant faults. Such a fault is distinctive because, in spite
of its existence, the circuit response to all possible inputs
corresponds to the fault free case. It would therefore appear
that such a fault is of no consegquence because it does not
influence the circuit's input/output behaviour. In a narrow sense
this is correct but it must be understood that such faults can
undermine the detection of other faults in the circuit(which will
be introduced in the following chapter). Therefore it is crucial
to have methods to detect points in the circuit where such faults

could exist.

Many attempts have been made in the past to reduce the cost
of redundant fault identification. One of the most attractive
breakthroughs was the one presented by Mohan Harihara and P. R.
Menon in 1989. Their approach for identifying redundant faults
depends exclusively on analyzing the structure of the logic

circuit; i.e., it eliminates the need for any testing activity.

The work outlined in this thesis is based on that of
Harihara and Menon and, more specifically, it extends the

structure-based ideas for identifying redundant faults.



1.2 Contribution of This Thesis

As noted above, the work in this thesis focuses on the
structure-based ideas of Harihara and Menon for locating
redundant faults. The specific results that have been obtained

are as follows:

1. An improved (simplified) procedure for "controlling-

value" path* identification has been developed.

2. A set of equivalence laws has been formulated. These
laws are applied after a set of "initial redundancies" is
identified. This approach significantly enhances the efficiency

of the redundancy identification.

3. Our structure-based method is applicable to a broader
class of combinational circuits than the Harihara and Menon's

method as described in [23].

* Terminology within quotes will be elaborated in later sections.



1.3 Organization of This Thesis

Following the introductory remarks in this first chapter,
we give in Chapter 2, an introduction to logic circuit testing
and redundant faults. In addition, most of the terminclogy that
is used in the tnesis is defined and explained with examples.
Chapter 3 introduces a number of existing logic circuit faultc
testing and redundant fault identification methods. Mohar

Harihara and P. R. Menon's method is introduced in detail.

The notion of equivalent faults is fundamental to the

o

contribution of ocur work. This notion is presented in Chapter

(§1]

together with several important Equivalence Laws. Chapter
presents our new approach for the detection of redundant faults

and compares the approach with other methods.

A summary cf the work achieved and our conclusions are

provided in Chapter 6.



CHAPTER II
LOGIC CIRCUIT TESTING

2.1 Automatic Test Pattern Generation

Logic circuits are constructed by interconnecting elements
called gates whose inputs and outputs are restricted to two
values typica’ly denoted by 0 and 1[16]. For example, Fig. 2.1.1
is a logic circuit with three gates gl, g2 and g3, the gates are
connected wizh ten lines marked as a, b, ... etc. Note, in
particular, hszre that there are three different lines associated
with the junc:tion point sl; namely, z, m and n. Line a and line
b are input lines of gate gl, line k is the output line of gl anc

an input line of g3 as well.

e ©
i

st

~<Q

Fig 2.1.1



The external input lines in a circuit are defined as
the primary input lines of the circuit (such as line a, b, ¢, 4,
y in Fig. 2.1.1), while the external output lines are defined as
the primary output lines (Such as line h, n in Fig. 2.1.1). We
define the direction from primary input lines to primary output

lines as the circuit direction of the circuit.

When a line branches out into several lines at a point s
in the circuit, that point s is called a stem and the line is
called the stem line of s. In Fig. 2.1.1, the point sl is a stem
because line z branches out into line m and line n (line z is

the stemline of sl).

There are many types of gates in logic circuits. In our
considerations we deal only with AND, NAND, OR, NOR and NOT
gates, which are the most fundamental types of gates. Each of
these gates has only one output line. Except for the NOT gate,
which has only one input line, all other gates have more than one

input lines.

Figure 2.1.2 shows the five types of gates. The figure

indicates how each gate operates and this operational behaviour

is formalized using a truth table.



GATETYPE SYMBOL

NAND

OR

NOR

NOT

5

.

Y

v

%

Table 2.1.2

OPERATION

Output = 1 if

all input = 1.

Otherwise
output = 0.

Opposite to
the AND gate.

Output =1
if any
input = 1.
Otherwise

output = 0.

Opposite to
the OR gate.

Output is
always
opposite to
the input.

TRUTH TABL

E

Input Assignments

Output

G0

01

10

11

—~|010|10

Input Assignments

Qutput

00

01

10

11

[} N IS

Input Assignments

Output

00

01

10

11

ol L

Input Assignments

Cutput

818}

01

10

11

() [an] (wa)

Input Assignments

Output

0

1

Truth Table




In Fig. 2.1.2, it should be noticed that for each of the
gates, there is a value which, if applied to any one of the input
lines, uniquely determines the value of the output. The value in
question is called the controlling-value (cv) of the gate. The

following table shows the controlling-value of each gate type.

gate type controlling value output
AND 0 0
NAND 0 1
OR 1 1
NOR 1 0
NOT both ¢ and 1 the opposite value

Table 2.1.1 Summary of Controlling-values

The NAND, NOR and NOT gates are considered having an
inversion function, because their output values are always

opposite to the controlling values on their input lines.

A logical fault is a failure in any part of the circuit that
causes its behaviour to differ from the fault free circuit. A
stuck-at fault is a particular type of logical fault where a
signal line is permanently fixed at a logical value (i.e. 0 or
1). In this thesis our concern is exclusively with stuck-at
faults and whenever the word 'fault' is used, a stuck-at fault

is implied.



There are only two possible kinds of stuck-at faults;
namely, stuck-at zero faults and stuck-at one faults. These are

denoted as s-a-0 and s-a-1 respectively.

Figure 2.1.3(a) shows a fault free AND gate while Figure
2.1.3(b) shows an AND gate with a s-a-1 fault. The truth table

for the output for each of these cases is given below:

a b f f*
0 0 0 0
0 1 0 1
1 0 0 0
1 1 1 1
s—\q—]

a N ¢ a' > R e
b { / b ./

Fig. 2.1.2 [a] Fig. 2.1.3[b)

In Fig. 2.1.3(b), the AND gate has two input lines and there

are six possible single stuck-at faults; namely,
a: s-a-0 or s-a-1l, b: s-a-0 or s-a-1, £: s-a-0 or s-a-1

In general, the total number of possible single stuck-at

faults for a circuit with k input and output lines is 2*k.
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In a logic circuit, a fault is called a single fault when
it is the only fault in the circuit. If more than one fault
exists in a circuit, then a multiple fault exists. Fig. 2.1.4

shows a multiple stuck-at fault in an AND gate.

al Y _\ S'g’o f'
b { /

Fig. 2.1.4

If the possibility of multiple faults is allowed, the number
of distinct fault configurations that could exist in a circultc

with k lines, is 3% - 1.

The existence of a fault in a logic circuit can be
established only through the information provided at the primary
output lines. In general, the same erroneous value at a primary
output may arise from any one of several possible stuck-at
faults. This is illustrated in Fig 2.1.5. The two circuits shown
provide the same erroneous output when the primary input is ab
= 1l (see the table in Fig. 2.5.1). A group of faults is said to
be equivalent if each causes a circuit to manifest a malfunction
in exactly the same way. So the single stuck-at fault (a:s-a-0)
and the single stuck-at fault (f":s-a-0) in Figure 2.1.5 are

equivalent.
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a b f f!
0 0 0 0
0 1 0 0
1 0 0 0
1 1 0 0
s-a-0 5-3-0

g0 ]
—

L

Fig. 2.1.5(b]

m
-
[0
=
n
Jum——
[y
e

Fault testing procedures are used to identify stuck-at
faults in & logic circuit. In this process test patterns are
applied at the primary input lines of the circuit and the circuit
responses are compared with those of the corresponding fault free

circuit. A test pattern is an assignment of values to the primary

input lines which:

a) Strives to give the line where a fault is located to
have a logical value which is opposite to the fault value (this

process is called fault sensitizing).

fll
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b) Propagates the effect of the fault from the faulty site
(che line where the fault is located) to a primary output (this
process is called fault propagation, the path on which the fault

is propagated is called a sensitized path).

Fig. 2.1.6 gives an example of a test pattern to test the
s-a-0 fault on line a. Because of this fault the primary output
of the circuit is always 0. The fault sensitizing is realized by
assigning a value of 1 to line a, which is opposite to the fault
value. The fault propagation is realized by assigning a value of
1 to line b. With this particular primary input value, the

primary output should be 1; however, it remains at 0. This

140

1 )
b |/

Fiq.2.

[ ]
—

K

reveals the existence of the fault.

Alternately consider Figure 2.1.7 where a s-a-1 fault exists
on line a. Now fault sensitizing is realized by assigning a value
of 0 to line a. The fault propagation is realized by assigning
the value of 1 to line b. The circuit output expected for this

input is 0 but a value of 1 will occur.



a O—igi— onNn
)
b
Fig.2.17

Note that we use the notation 1/0 to indicate that 1 is the
fault free value and 0 is the fault wvalue on a line. This
notation will be used throughout this paper (the notation 0/1 is

eqguivalently interpreted).

A sensitized path mes include many gates and some of these
gates may have inputs thea: are not on the sensitized path (these
are defined in the following section to be; "off-path inputs").
All such inputs must be assigned their non-controlling values to
ensure the propagation of the fault. This is obvious because if
any off-path input line of a gate on the sensitized path has been
assigned a controlling value, the output value of that gate will

be uniquely decided, this blocks the fault propagation.

Now it is easy to understand that the process to generate
test patterns automatically for VLSI circuits are called

Automatic Test Pattern Generation (ATPG).
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2.2 Some Concepts, Terminology and Definitions

Some basic concepts about logic circuit testing have been
introduced in the previous sections. In this section we introduce
some additional concepts that are specifically related to the

redundant fault identification problem.

A number of important concepts and definitions pertinent to
the discussions in this thesis are introduced below and

illustrated using Fig. 2.2.1(a).

"

a ¢ )
2 )
b
c j q
oy 0 —

92 g6 n
— —

Fig. 2.2.1(a)

Reconvergent gate: A gate G, is a reconvergent gate of a
stem s, if there exist two or more disjoint paths from s to

G, [23].

For example, g5 in Fig 2.2.1(a) is a reconvergent gate of

stem sl, because there are two disjoint paths from sl to g5.
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We frequently have the need to consider paths between a stem
and its reconvergent gate. It will be our convention not to
include either the stem or the reconvergent gate in such a path
specification. Such paths will be called sG-paths. In Figure

2.2.1(a), i ~ g3 -~-mand j - g4 -~ g - g6 - n are both sG-paths.

When a sG-path P starts at line L1 and ends at line L2, we
denote the sG-path as P(Ll, L2). Thus, in Fig. 2.2.1(a), we have

P(i, m) and P{(j, n).

Let g be a gate on a sG-path, the input line to gate g which
is on the sG-path is called on-path (OP) input line of g, all

other input lines to g are called off-path (FP) input lines.

For gate g3 which is on the sG-path P(i, m), line i is the

OP input line of g3 and line k is an FP input line of g3.

A reconvergent region R(s, G)* is a related concept. A

reconvergent region R consists of the following four parts:

* In reference[23], it is denoted by (G, s).
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a) the stem s and its stem line.

b) the reconvergent gate G and its output line.

c) all the sG-paths from s to G.

d) the FP input lines of all gates on all sG-paths

from s to G.

In Fig. 2.2.1(a), the reconvergent region R(sl, g5) is:

{sl, £, g5, v, i, m, j, g, n, k, h and w}.

In a region R(s, G), all gates which are directly connected
to s are called first-gate-level (FGL) gates. The set of such
gates is denoted by g'(R). The set of all OP input lines which

belong to the gates in g'(R) is denoted by I(g'(R)).
In the region R(sl, g5) in Fig. 2.2.1(a); e.g.,

g'(R) = {g3, g4}.
I(g'(R)) = (i, J}.

Now, let us assume we are testing the single stuck at fault
(i: s-a-0). The fault sensitization requires that we assign value

1 to line i to sensitize the fault (see Fig. 2.2.1(b)).



2 f 0/1
b 1
j
e — ) S
— a—

Fig. 2.2.1(b)

Because line 1 is on P(i, m), a "backward tracing" process
has to be carried out to establish values on the primary inpuc
lines which will yield the desired values for line i. The process
that traces backward from values on internal lines to values on
the primary input lines is called line justification. With
respect to our example in Fig. 2.2.1(b) we achieve line
justification using the following steps:

i=1=£f=1=ab =01 (or ab = 10, or ab = 11)
The fault propagation requirement can be carried out by
assigning k = 1 and n = 1. Because line n is P(j, n), a line

justification must again be carried out as follows:

n=1=qg=1andw-= 1.
1 implies:

Q
i

- j =1 = £f =1 (the line justification for j =1
can stop here because £ = 1 has already been
established in the line justification for i = 1.)

- h=1=¢c=1andd = 1.
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So a test pattern is abcdkw = 011111. In fact abcdkw =
101111 and abcdkw = 111111 are also test patterns for the fault
(i: s-a-0). Which one is chosen depends on the algorithm used in

the implementation of ATPG.

Now consider the single stuck-at fault (n: s-a-0) in Fig.
2.2.1(c). Assign n = 1 to sensitize the fault, m = 1 to propagate
the fault. Line ijustifications are necessary for these two

assignments because neither is a primary input.

k_0 1 "
)
f 0
a 0
f 1/0
o o ED S
b 0 |
L q 1
. o
g2 } ‘ g6 n
d w

Line justification for m = 1 can be carried out in several

ways. One is as follows:

k = 0.
0 =-f =0=a=0andb-=20.

H.
L}

Line justification for n = 1 is as follows:

g =1 implies:

- j =1 =£f =1.
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The process cannot be continued because a conflict has
happened at line £. When a conflict occurs between the current
assignment and some previous assignment during a line
justification process, it is required to return to the previous
assignment (s) and make some changes. This process 1is cailec

backtracking.

The backtracking process can be carried out in several ways

and we illustrates one of these below:

We first summarize the assignments that have been made
(ignoring the final assignment, f = 1, which triggered the
conflict). These assignments are listed below in the reverse

order in which they were made:

0 and b =0, £ =0, 1 =0, k = 0)

n
| e
Q
]
’_J
o
n

{3

Altering either j or g would result in an unacceptable value
of 0 for n; there neither j nor g can be changed. A change in
line a from 0 to 1 result in £ = 1 which provides the line
justification for n = 1. It must now be confirmed that the
necessary value of m = 1 can still be achieved. This is clearly
possible because £ = 1 = i = 1 but m still remains of the
desired value of 1 (which is the necessary condition for the
propagation of the fault (n: s-a-0)), we have thus resolved the

conflict problem.
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Let g be a gate in a circuit. Generally there are paths from
g to the primary outputs. If any path from g to a primary output
must pass through a gate g # g, then g is said to be bound by g’
and g* is called a dominator of g. Similarly if every path from
g to a primary output must pass over a line L, then g is said to

be bound by L  and L’ is a dominator of g.

In a similar way a line L can be bound by a gate g or a

line L°, then g or L° is a dominator of L.

In Fig. 2.2.1(c), lines a and b are both bound by line €£.
All gates in the circuit are bound by line y (or line y is a

dominator of all gates) and all gates (apart from g5) are bound

by g5.

In a reconvergent region R(s, G), a gate g or a line L on
a sG-path is often bound by the reconvergent gate G because a
path from g or L to any primary output must pass through G (see
gate g4 or line g in Fig. 2.2.1(c)). However, it can occur that
a stem t exists and a path, Pl, from this stem point branches out
to a primary output without passing through a reconvergent
region. In such a situation the path between the stem point s and
the stem point t is no longer bound by the reconvergent gate, G.
Furthermore, we call the path Pl an exit path relative to the sG-

path under consideration.



a ¢ ‘
b
c i '_—\9 1 U
192}7h ‘_gi/> -3L:§§)——-n
d D |
g1 )—
Fig. 2.2.1(d} |

ror example, the path tl - p - g7 - z in Fig. 2.2.1(d} 1is
an exit path of the sG-path P(j, n) because it branches out from
the sG-path P(j, n) and goes to ar primary output line z. Because
the existence of this exit path, line j, gate g4 and line g are
no onger bound by the reconvergent gate of g5 (Note between that

line u, g6 and line n are still bound by g5).

If a region consists of m stems (m > 1), and all stems
reconverge to a common reconvergent gate, we call such a region

a multiple-stem region.
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2.3 Redundant Fault and Redundancy Identification

Consider the fault (d: s-a-1) in Fig. 2.3.1l(a}).

) s1 c |
: g2 —— ¢

b s-a-1 B’ h

Fig.2.3.1(a)

we should assign a = 0 to sensitize it

To test the fault,
Thus ab = 00 is the only

and assign b = 0 to propagate it.
possible pattern for testing this particular fault. The effect

of applying this test pattern to the circuit is shown in Fig.

2.3.1 (b).

0 sl c

h

b 0 g
Fig. 2.3.1(t)

To propagate the fault from line h to line £, the assignment

= 0 implies ¢ = 0 which
= 0 forces the output

¢ = 1 is a necessary condition. But a

blocks the propagation of the fault since c

of g2 to 0.



[\8)
(9]

On the other hand, since ¢ = 0 implies £ = 0, it appears
that the faulty circuit has the same response as the fault free
circuit to input ab = 00. This means that the input pattern ab
= 00 required for testing (d: s-a-l) is not a test pattern. We

have, therefore, following important observation:

This fault does not change the function of the circuit as
shown in the following truth table and consequently there is no

test pattern for this fault.

albjlctd]h f with (d: s-a-1) f when fault free
0] 0} 0 |0/]ON 0 0
o110 jon|ri 0 0
tlof 1)1 |1 ] 1
11 1] 1 1 1

Table 2.3.1 Truth Table

We call a single stuck-at fault a redundant fault or a
redundancy if there is no test pattern that can be generated for
the fault testing or if the fault does not change the function
of the circuit. The fault (d: s-a-1) in Fig. 2.3.1(a) provides

an example of a redundant fault.

In some special cases, both s-a-0 and s-a-1 faults on a line
L do not change the function of the circuit and hence none of

them has a test pattern; we denote this by (L: s-a-B).
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Some redundancies can be deduced from the existence of
other redundant faults. In Fig. 2.3.1(c), for example, assume the
fault (d: s-a-1) is redundant, and assume also the fault (h: s-a-

1).

Fig. 2.3.1(¢c)

The requirement to sensitize (h: s-a-1) is b = 0 and 4 = 0.
Because of the fault (d: s-a-1), the requirement d = 0 cannot be

realized, hence (h: s-a-1l) is also a redundant fault.

If the existence of a redundancy A provides a sufficient
condition for the existence of another redundancy B, we call the
redundancy B an equivalent redundancy (or an equivalent redundant

fault) of A.

In Fig. 2.3.1(c), for example, (h: s-a-1) is an equivalent

redundant fault of (d: s-a-1).
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The existence of a redundant £fault does not change the
normal operation of a circuit. In a circuit, there can be several
lines where a redundant fault could exist. However, it is
important to identify these lines and to eliminate the redundant

fault for several reasons*:

First, redundant faults can block the propagation of some
other sensitized single stuck-at faults. For example, in Fig.
2.3.2(a), assume line m has a s-a-1 fault. In order to propagate
the fault, the FP-input line k to g2 must be assigned the non-
controlling value of 1. But such an assignment to line k is not
possible because it conflicts with the assignment d = 0 that is
necessary to sensitize the fault. Thus, this fault propagation
is blocked at g2. Furthermore, any single stuck-at fault in line
b, ¢, p, g, h and at any line in the bounded area such as b., b.,

.., b, cannot be propagated to line L. (An area of a given
circuit is a portion of the circuit which can be contained within
a closed contour superimposed on the circuit. An area is bounded
if every gate and every line within it is bounded by some gate

or some line outside of the area.)

* There are specific cases where redundant faults are introduced
for some particular reasons. We do not consider such cases.
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h
s2 |

m s-a-1
d * 2
s3| g

Fig. 2.3.2(a)

Secondly, redundant fault may mask some detectable faults.
For example, the detectable fault s-a-1 at 1line k in Fig.
2.3.2(b) can be sensitized and propagated by the test pattern cd
= 00 which results in an output L = 1 which is faulty. However
if the redundant fault (m: s-a-1) occurs then j is fixed at
logical wvalue 0, which implies the primary output L = 0.
Therefore the fault (k: s-a-1) is masked by the redundant fault

because L = 0 is the response of a fault free circuit to the test

pattern cd = 00.
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c 0 h
s2
0 m s-a-1 L
d s3] - g2
Fig. 2.3.2(b)

Finally, redundant faults make the test pattern generation
procedure very time consuming. The reason is that when a stuck-at
fault has not been identified redundant at the beginning of the
test pattern generation, the test pattern generation procedure
typically conducts an exhaustive search trying to generate a test
pattern for this fault. This exhaustive search ends with the

conclusion that the fault is redundant.

The process of identifying redundant faults (or
redundancies) in VLSI circuits is called Redundancy

Identification (RI).
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CHAPTER III
OVERVIEW OF THE EXISTING ATPG AND RI METHODS

There are relatively few methods specially for RI in VLSI
circuits. However, RI is involved in every ATPG method. In this

chapter we briefly review some ATPG and RI methods.

3.1 Some Early Approaches

3.1.1 D~-ALGORITHM[16]

The D-algorithm is the first algorithm that comprehensively
treated the ATPG problem. It is called the D-algorithm because
it uses the letter D to denote 1/0 which is intended to indicate
that the value on a line is binary one in a good circuit, but

zero in faulty circuit. In a similar way., D represents 0/1.

The D-algorithm undertakes to implement the fault-
sensitization, fault propagation concept(see section 2.1). When
a single stuck-at fault is tested, the D-algorithm first marks
the fault as D if the fault is a s-a-0 fault or as D if it 1is
a s-a-1 fault. A sensitized path must now be built-up in order
to propagate the fault to a primary output. Whenever necessary,.
a2 line justification process must be carried out and if a
conflict occurs then a backtracking procedure is undertaken. If

ful faul . . hi 3 .
£ ] faul . 1. If bac] Xi .  ed 3
. . {11 . Lo ] . -
] Faul . . ] ] Faul . . 3



Fcr example, consider the fault (i: s-a-1) in Fig. Z.1.1.
Its sensitization requires i = 0 (hence £ = (° arnd ics
propagation to the primary output at line v requires x = 1 and
n = 1. Line justification for n = 1 requires that t =1, 3 =1,
j =1, h=1. But note that j =1 implies £ = 1 whicz conilicts
with the sensitization requirement of £ = 0. There zre no
available options to consider hence backtracring is not fezsible.

Thus, the fault is identified as a redundar:t fault.

2 f D
b 1
J
q
h 4
ED s ) SN
t
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PODEM (Path Oriented DEcision Making) Algorithm [16]

Like the D-algorithm, the PODEM approach focuses on the need
to achieve the necessary line =zssignments arising £from
sensitization and propagation requirersnts. Rather than inferring
the necessary input values by working backwards (as in the
D_algorithm), PODEM directly makes prizary input assignments and
simply monitors their success in achiering the necessary internal
values. A strategy for successively choosing the primary input
assignments is an important part of ths algorithm and depends on
a backtracking process. A fault in a circuit is identified

jund . e - 3 £ 3 af ] .
. ] . . lines of tl . -

" Consider again the (i: s-a-1) fzult in Fig. 3.1.1. Recall
that sensitization requires that i = [ and propagation requires
n =1 and k = 1. The PODEM algorithm proceeds by trying to find
an assignment for the primary inputs (2, b, h, k, t) which yields
the desired values for i, n and k. In this example, no such
assignment exists hence the algorithm concludes that the fault

is redundant.
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FAN (FANout-oriented test generation) Algorithm [16]

PODEM reduced the number of backtracks because it only
assigns logical values to primary inputs. But backtracking still
has to be done when an assignment fails to generate a test
pattern. The FAN algorithm further reduces the number of such
operations by applying some strategies. We here summarize these

as a collection of three rules:

Rule-1/3.1* The required internal values in the circuirc
often imply unique values at other lines within the circuit.

Determine all such wvalues.

Rule-2/3.1 Within a reconvergent region, when a line
justification along one path reaches a stem line, postpone the
line justification until the line justifications alone the other

paths reach the same stem line.

Rule-3/3.1 When a contradictory requirement occurs at
a stem line, assign a binary value to the line and see if the
conflict can be solved by changing previous assignment(s). If the
conflict still exists, assign the other binary value to the stem
line and try again to change previous assignment(s). When both
. ] 13 fail ] ] £13 lec]
the fault as redundant richt away and end the test pattern
.

* Here and in the sequel, we use /"section#" to indicate in which

section the items (rule, law, etc.) are introduced.
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To illustrate the application of these rules, we use the

sample circuit in Fig. 3.1.2(a).

Consider the fault (n: s-a-0). Sensitization requires that
n = 1 and propagation requires that m = 1. Both lines m and n can
be traced back to the stem line £; in other words, there is a
path from line f to line m (pathl) and from line f o line
n(path2). Notice that n = 1 implies q = 1 and w = 1(This
conclusion represents an application of Rule-1/3.1). The

requirement for m = 1 does not generate internal assignments from

Rule-1/3.1.
k 1 , 1
) - "
i 0

a_ | f T

b ¢
] ————
t 1 :
Fig. 3.1.2(3)
We choose one of the paths and carry out line justification;
e.g., choose pathl. The desired value of m = 1 can be achieved

by several different assignments to the inputs of gate g3. We
arbitrarily choose k = 1 and i = 0. Because the i = 1 assignment
corresponds to a stem point, we now go to path2(application of

Rule-2/3.1).
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The g = 1 requirement can be achieved in several ways. One
such assignment is j = 1 and h = 1. This however causes a
conflict at the stem line £ (as shown in Fig. 3.1.2(a})) and hence

Rule-3/3.1 must be applied.

Assign f = 1 first. We find that the previous assignment k
=1 and i = 0 to achieve the requirement of m = 1 can be changed
to k =0 and i = 1 without violating the requirement, the

conflict is thus resolved.

If we choose a = 1 and b = 0 to imply £ = 1, the test

pattern abhkw = 10101 is generated, shown as Fig. 3.1.2(b).

KO

"

i1

M
‘ q 1

h 4 ] ]
D —Twrs

t 1
Fig. 3.1.2(b)
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3.2 TOPS (TOPOLOGICAL SEARCH ALGORITHM) [27]

TOPS accelerates test patiern generation by reducing the

search space and rapidly identifies many redundant faults even

3 13 5 rifi A .

irected acyclic

0
]
L
N
{

]
(]
jul
n
[+
0,
'_l

TOPS presents & combinationa:

graph (D2G) . It represents gates as wsertices and circult lines as
3

~ircuiz in .2.. (a) is presented

edges. Fov example, the

as a DAG shown in 3.2.1 (b).
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This graph representation of a circuit plays &n important
role in the theoretical discussion within [27]. However, the
underlying concepts of the technigue can be described in terms

of the given circuit and we adopt this approach.

The main contribution of the TOPS approach 1is the
observation that a fault can be identified as redundant using the
following procedure:

a) Find all gates which bound the line on which the target

fault occurs, denote this set of gates by B.

b) If a conflict arises on any line which is directly
connected to some element in B after the assignments for the
fault sensitization and fault propagation (together with the

consequences of these assignments), then the fault is redundant.

For example, the target fault (j: s-a-1) in Fig. 3.2.1(a)

can be found to be redundant as follows:

a) Since line j is bound by g2 and g3 we zave B = {g2,
g3}.

b) The sensitization assignment 3j = 0 has many
consequences. The only two that are of interest relate to line
k and n since there are connected to g3 which is a member of B.
Specifically j = 0 implies k = 0 and n = 0. Fault propagation
requires d = 1 and k = 1 (other requirements of fault propagation
are not relevant here because they do not relate to lines that
are inputs to gates in B). A conflict has thus arisen on line k
and we therefore conclude that the target fault (j: s-a-1) 1is

redundant.
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3.3 SOCRATES (Structure-Oriented Cost-Reducing Automatic TESt
pattern generation system) [39]

SOCRATES is based on the FAN algorithm together with some
procedures which enhance the generation of test patterns. Our
introduction focuses on its search space concept and one of its
procedures which plays the most important role in RI.

Search Space

A deterministic ATPG for a circuit with N primary inputs has
a finite search space (2%). This search space can be represented
as an AVL tree (i.e. height balanced tree) with height N + 1.
Fig. 3.3.1 is an AVL tree which represents the search space for
any circuit having three primary inputs (denoted as a, b, and c),
where each edge corresponds to a primary input and each node is
the assigned value of the primary input associated with the edge
that connects to the node above. Any path from the root node to
a leaf node defines an input assignment. For a target fault, some
of these paths are test patterns while others are not. The goal
of test pattern generation is to determine those which are test

patterns.
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With respect to any target fault, the search space for ATPG
can be divided into two parts: the solution area and the non-

solution area. We use the circuit in Fig. 3.3.2 for illustration.

) ey
p ] @—-S—.g-]—f

0N

Because the circuit in Fig. 3.3.2 has three primary
inputs, its search space is as shown in Fig. 3.3.1. If we do an
exhaustive assignment at these three inputs, two test patterns
for the target fault (r: s-a-1l) can be identified; namely, (a,
b, ¢) = (0, 1, 1) and (a, b, c¢) = (1, 1, 1). The other
assignments at the primary inputs a, b, ¢ are not test patterns
for the target fault because they all produce a binary 1 at line
r which is not the required sensitizing value. The two categories
of primary input assignment are represented in Fig. 3.3.3 using
shaded and unshaded nodes. A test pattern is a path from the root
to a leaf which does not traverse any unshaded node.
Correspondingly, the set of unshaded nodes in Fig. 3.3.3 is
called the solution area while the set of shaded nodes is the

non-solution area.
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A test pattern generation process can be considered as a
traversal in the search space tree, when a path from the root
node to a leaf node has been found in a solution area, a test
pattern is generated; e.g., path n,;-n,,-n,;; in Fig. 3.3.3 is a
test pattern for the target fault (r: s-a-1) in Fig. 3.3.2. Note
furthermore that any traversal procedure which enters the non-
solution area, is futile and should be immediately abandoned in
the interests of time-efficiency. Consequently, it is of great
value to known as much of the non-solution area as possible,
prior to beginning the graph traversal. In this regard, SOCRATES
uses a procedure called "Improved Implication Procedure" as a

pre-processorx for ATPG.
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Improved Implication Procedure
The Improved Implication Procedure is based on a logical

identity called the law of contraposition; i.e., (P = Q) = (Q =

P).

For example, in Fig. 3.3.2, ¢ = 0 implies r = 1; i.e., (c

= 0) = (r = 1). Application of the law of contraposition gives:

(r = 0) = (c = 1). In other words, the desired value cannot be
achieved with ¢ = 0 and consequently, any node associated with
the assignment ¢ = 0 is within the non-solution area.

Similarly, we observe that (b = 0) = (r = 1). By the law of
contraposition, (r = 0) = (b = 1), thus any node associated with
the assignment b = 0 1is within the non-solution area for the
target fault (r: s-a-1). Furthermore, all subtrees of such nodes

also fall within the non-solution area.

The Improved Implication Procedure corresponds to carrying
out all possible applications of the law of contraposition. Then
the test pattern generation can be carried out by examining the

portions of the search space which have not been identified as
belonging to the non-solution area. The target fawlt is redundant
{f ot : | luti
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3.4 EST (Equivalent STate hashing algorithm) [19]

The basis for EST can be developed using a Binary Decision

Diagram (BDD). Fig. 3.4.1 is a sample circuit:

Fig. 2.4.1

A complete BDD is a binary tree which traverses the whole
search space and shows all test patterns and all inconsistent
assignments at primary inputs of the circuit which contains cthe
target fault. The complete BDD for fault s-a-1 at line f is

illustrated as Fig. 3.4.2.
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In Fig. 3.4.2, paths n;;-n; -n;, Ny~Np~Njs and n;,-n,; are all
inconsistent assignments, whereas paths n;,~n,; —nhs, n.,~n.--n..,
n,;~n,,~n,, and n;,-n,;~N;; are test patterns for the target faulc:.
The nodes n,,, n;s and n,, have a double wall to indicate that they
each correspond to an assignment on primary input line which

gives rise to conflict. If all leaves have double walls, then the

target fault is recognized as a redundant fault.

Any path from the root node to a leat node which has length
m and contains no double walled nodes is a test pattern (here m
is the number of primary inputs to the circuit). EST uses a

Depth-First-Search (DFS) process to search for such path.

Typically, the construction of a BDD tree for a circuit wich
a.given target fault stops when a test pattern is generated. The
specific test pattern that is generated will depend on the
strategy used to construct the BDD tree. In Fig. 3.4.3, we show

the case where DFS is used with the circuit given in Fig. 3.4.1.

Fig.3.4.3



42

An important contribution to RI which is embedded within =ST
is a redundancy identification method that 1is based on an
equivalence rule. This rule can be stated as follows, which is

called Rule-A/3.4 in our later discussion:

property that a value 3 on line L1 implies & value j on line _Z.

Therefore, during the test pattern generation, after scme

redundant fault are recognized, EST will apply Rule-2.3.4 to

identify other unidentified redundant faulcs.

We demonstrate this method using an example introduced in
[19). This example is & part of the benchmark circuit c2670 given

in [11] and is shown in Fig. 3.4.4(a).
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a s-a0

[t T2

@gx

Fig. 3.4.4(a)

Suppose faults (1421: s-a-0) and (1423:s-a-0) have been
found redundant. In Fig. 3.4.4(b), the circuit is redrawn with

the stuck-at wvalue shown on the lines.

1421
J 142 42

b O
1424)—

2

Fig. 3.4.4(1)
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The implicit consequences of the assignments shown in Fig.

3.4.4(b) are shown in Fig. 3.4.4({(c).

The final result of Rule-A/3.4 is shown in the circuirt

0
0 419
0
0
—\ 3 0 :
L L e ol 0
0 1 1
@lr -l
1424 }
Fig. 2.4.4[2)

Fig. 3.4.4(d) (The faults with * are not shown in [19]).

s-a-0

s-g-0 w

150"

s-a-1
142 ¥

Fig. 3.4.4{d)

cf
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3.5 DYRID (DYnamic Redundancy IDentification) [1]

DYRID is a procedure which concentrates on the improvement
of the RI process. Its basis is outlined in the cdiscussion

provided below.

Suppose T: denotes the set of test patterns for fault 3 and
suppose T, denotes the set of test patterns for fault 2. If T ¢
T, then the fault o is said to test-cover the fault £.

If ic

Suppose it is known that fault o test covers fault [.
i.e., T = ¢

= ¢ (because T

is then established that fault o is redundant;

then it will immediately follow that T:

is also redundant. We refer to this

(empty) ,

c T,); i1.e.,

observation as DY1l/3.5.

fault B

Fig. 3.5.1 provides an example.

= > 2
o s-a-0 | 9¢ P



The requirement.for fault sensitization is b = 1, and the
requirement for fault propagation of (b: s-a-0) is pkc = 111. The
requirement for fault sensitization is p = 1, and the requirement
for fault propagation of (p: s-a-0) is bkc = 111. In other words,
both require that bpkc = 1111. This, in turn, implies that both
({b: s-a-0) and (p: s-a-0) require the same test patterns
(Multiple test patterns may be possible because bpkc = 1111 may
imply several different assignments at the primary input lines
of the circuit, and each one can be used as a test pattern for

both faults).

Now look at (d: s-a-1), The requirement for £fault
sensitization is d = 0; i.e., b =1 and p = 1. The reguirement
for fault propagation is kc = 11. Therefore, the test patterns

for (b: s-a-0) and (p: s-a-0) are also test patterns for (d: s-a-

1). In other words, (d: s-a-1) test-covers (b: s-a-C) and (p: s-
a-0). According to DY1/3.5, after the fault (d: s-a-1) 1is
identified redundant, (b: s-a-0) and (p: s-a-0) can also be

marked redundant.

In [1]. the author provides an additional useful strategy
for handling faults which may occur at a stem. This is contained

in the following observation taken from [1].
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Let Si be a FOB (Fan Out Brarnch) of stem s. If for every
primary output line fed by Si, Si 1s either nonreconvergent or
reconverges only with equal inversicn parities*, then (s: s-a-v)
test-covers (Si: s-a-v) and Si is called safe FOB. So if a stem
fault is redundant, then the corresronding faults on all its safe
FOB's are also redundant. We reier to this observation as

DY2/3.5.

Fig. 3.5.2(a) is an example circuit presented in ([1l]}. After
(a: s-a-1) has been proven redundantz. (c: s-a-0), (s: s-a-0) can
also be marked redundant (This is zn application of Rule-&/3.4
which is incorporated in the DYRID procedure). Then according to
DY2/3.5, (sl: s-a-0), (s2: s-a-{ are identified redundant.
Similarly (t: s-a-1), (£l: s-a-1), (t2: s-a-1) and (qg: s-a-1)
redundant. Here sl and s2 are safe fJB's of s, tl and t2 are safe
FOB's of t because they are nonreccnvergent. To test fault (u:
s-a-1) it requires u = 0 and tZ = 0, which 1s also the
requirement for testing (qg: s-a-1), so (g: s-a-l) test-covers (u:
s-a-1). Applying DY1l, (u: s-a-1) is identified redundant because
(gq: s-a-1) is redundant. Applying DY_. again, (r: s-a-0), (p: s-a-
1), (o: s-a-1), (e: s-a-0) and (I: s-a-0) are all redundant
faults because (u: s-a-1l) test-covers these faults (This can be
demonstrated in a similar way to the demonstration that (g: s-a-

1) test-covers (u: s-a-1)).

The circuit which results from there operations is shown 1in

Fig. 3.5.2(b).

* Inversion parity is 0 if the number of NOT, NAND, and NOR gates

on the path in question is even, otherwise is 1.
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3.6 Harihara and Menon's Structure-Based Method [23]

In [23], Harihara and Menon proposed a novel approach to the
RI problem based on an examination of circuit structure. Our main
contribution, as presented in chapter 5, extends the underlying
ideas of the structure-based approach as presented by Harihara

and Menon (we refer to the later as the HM method).

The HM method is introduced in the following three
subsections entitled Definitions, Methods and Examples. The
contents of all three subsections have been taken exactly from

[23]. The following, however, should be noted:

1. The term "undetectable faults" has exactly the same

meaning as "redundant faults" as used in this thesis.

2. The definictions presented in subsection 3.6.1
(Definitions) are applicable only in section 3.6 Harihara and
Menon's Structure~Based Method. They are either not used in the
rest of this thesis (e.g., sensitive, essential value, etc.) or

defined in different way (e.g., reconvergent region (G, s).

3. The labels marked in bold font in front of each step
of the methods as presented in subsection 3.6.2 (Methods) are
added for the convenience of comparison between the HM method and

our method which is presented in chapter 5.
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3.6.1 Definitions

Definition 1: A lead with two or more fanout branches (FOBs) is

called a fanout stem or simply a stem.

Definition 2: A gate is called a reconvergent gate of a stem s,

if there exist two or more disjoint paths from s to G.

There may be more than one reconvergent gate associated with

a stem. A reconvergent gate may have multiple stems.

Definition 3: The set of inputs of a reconvergent gate G,
reachable from its stem s is called the reconvergent input set

of (G, s), denoted by I(G, s).

Definition 4: The even parity input set, I, (G, s) is the largest
subsets of I(G, s), such that for every gate input i € I.(G, s)
there is a path from s to i with even inversion parity. The odd

parity input set, I,(G, s) is similarly defined.

The above definitions are from [(35].

Definition 5: A lead j is said to be bound by a gate A, if all

paths from j to primary outputs pass through A.

Definition 6: An input i of a gate A is said to be sensitive if
a change in the signal value at i will result in a change in the

gate output.



Definition 7: Let ¢ be the controlling value for z reconvergent
gate, G(C for AND and NAND gates, and 1 for OR anz NOR gates),
and let s be a stem of G. If the value v, at the st2m s implies
v. = ¢ at an input i of G, any path from s to i, obtainec by
tracing back from i along sensitive inputs until s s reached is
called a controlling value path or cv path for thz stem value,

v,. Paths from s to G without the above property wi.__ e ca.:ed

non-cv paths for the stem value v,.

Definition 8: If v. = a i1s a necessary condition I:r producing
v. = b, a,b € {0, 1}, then v. = a is said to be =z essential

b. Let A be a gate that is reachable Zrcm a line

<
')
-
[l
o
Hh
O
[at
<
]

i, and let I. be the set of inputs of the gate A that are
reachable from j. The value v. is said to be =z essential
sensitizing value for A, if j must be assigned ths va

prcpagate a signal change on any gate input 1 € I. thrcugh A.
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3.6.2 Methods

BMO As the first step of our analysis, we identify fanout
stems with reconvergent branches. For each pair (G, s),
where G is a reconvergent gate of the stem s, we determine
the even and odd inversion parity input sets, I.(G, s) and

I,(G, s).
Single-Stem Analysis
BM1 Procedure 1: Cv and Non-cv Paths

Let G be a reconvergent gate of a stem s, and let ¢ be the

controlling value up to G.
BMla For p = 0, 1

If Ip(G, s) # &, set vs = ¢ ® p and perform forward

implication up to G.

BM1b Trace back from each input of G with value c (if any).
along paths defined by sensitive gate inputs, until the stem
is reached, to identify cv paths. All other paths are non-cv

paths.
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For v; to be an essential sensitizing value for a,
setting j to v; must be essential value for v, = ¢, for all
k € I,. The following procedure determines values on lines
and sensitization conditions for gates for which a given

line has an essential wvalue.

BM2 Procedure 2: Essential Values

BM21 1. Set the lead j tov, = a, a € {0, 1}, and perform
implication.

BM22 2. For every lead k such that v, = b, b € {0, 1}, v.

= 3 1is an essential value for v, = b.

BM23 3. For every gate A with one or more input values
equal to the controlling value c, v. = a is an
essential sensitizing value.

BM3 Procedure 3: Single-Stem Analysis

Let G be a reconvergent gate of a stem s.

BM31 1. Determine cv and non-cv paths from s to G, using

procedure 1.
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BM31lb

BM32

BM32a

BM32b

BM32c

BM324
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If there are no cv paths

5> undetectable faults associated with this
ragion are identified by single-stem

egnalysis; END.

For e-ary stem value v,, that produces a cv path

C“ztermine N., the number of FOBs of s that

_ie on cv paths.

Using Procedure 2, determine the lines j and
zheir values v. for which ¢ 1is essential.
z.s0, determine every gate A for which v, is
&1 essential sensitizing value.

Tor every gate ~ for which v, is an essential
sansitizing value , both stuck-at faults on
every lead i bound by A, but not reachable

Zrom s are undetectable.

IZ Nf= 1, stuck-at-¥; on any line j for which
vs 1is essential for setting j tp v, 1is
tadetectable, if it is not on the cv path and

is bound by G.



BM32e

BM33

BM33a

BM33b

BM34
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If N.> 1, stuck-at-¥. on any line j, bound by
G and for which v, is essential fcr setting

j to v., is undetectable.

Zf the controlling value is implied at cne or more

inputs of G by both v, = 0 and v, = 1

If s is bound by G, both stuck-at Zaults on
the stem s are undetectable. Faul:s on zany.
lead j, such that all paths from j to any
orimary output pass through s are zliso

undetectable.

et v, be the value at the output c¢f G when
any of its input is ¢. The output 0 G s-a-v;
is undetectable. If %, is an essential
sensitizing value for any gate A, zhen roth
stuck-at faults on any lead i bound by A and

not reachable from G are undetectable.

For every fault that has been identified as
undetectable, find all faults that are equivalent

to it, and mark them as undetectable.
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Multiple-Stem Analysis

If a reconvergent gate has multiple stems, producing
specific values cn some lines or propagating fault effects
through some gates in the reconvergent region may require
specific values on more than one fanout stem. This
combination of values may produce the controlling value ac
some input of the reconvergent gate, blocking fault effec:
propagation through it. Many of these phenomena can be

identified by multiple-stem analysis.

Procedure 4: Multiple-Stem Analysis

1. For every stem si of the reconvergent gate G

Determine line values for which the stem
value is essential and gates for which the stexm
value 1s an essential sensitizing value, using
Procedure 2. This step produces combinations of
stem values necessary for generating certain
internal signal values and/or propagating fault

effects through certain gates.
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BM42a

BM42b

BM42c

BM43

BM43a

BM43b

For each 1line j, with wvalue v. for which

w
~1

m

combination of stem values is essential

Set the stems to the essential stem value
combination, If a conflict occurs, s-a-7. is

undetectable, if it is bounc by G.

Perform forward implication.

If there is at least one input ¢f G, not
reachable from j, has the controlling value
for the gate G, then the fault ] s-a-%. is

undetectable, if j is bocund by G.

For every gate A with a combinaticn of essential

sensitizing values on stems

Set the stems to the essential stem walue

combination, and perform forward implicaticn.

If one or more inputs of G have <the
controlling value, both stuck-at faults on
every line k, not reachable from stems whose
values were set and bound by A are

undetectable.
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In Figure 1l(a), I.(G, s) # ® and I.(G, s} # ®. Therefore,
both 0 and 1 must be applied to the stem s. s = Q0 Implies ¢ = §,
which is the controlling logic value for the AND c¢czte G. N. = 1,
and b s-a-1 is undetectable at the output of G, Zzut cannot be

~
-

marked as undetectable because it is not bound by G

In Figure 1(b), (G, s) =9, but I-{G, s} = 0. Setting

I’.
s =0, weget a=b=c=e=£f=g=0.

Two cv paths through b and ¢ are produced, =znd therefore
N, = 2. Since the FOB c¢ is not bound by G, we identify a s-a-l
and b s-a-1 as undetectable. s = 1 implies a = b = ¢ =d = 1,
indicating that s = 0 is essential for setting z =90, b =20,
c=0and d = 0, and is also an essential sensitizing value for

gate A. Therefore, both stuck-at faults on j are undetectable.

Figure 1(c) has even and odd inversion parity paths from s
to G. One cv path is produced by v, = 0, and N. = ., indicating
that b s-a-1 is undetectable. Setting v, = 1 produces a single cv
path through the FOB b. Therefore, ¢ s-a-0 is undetectable. Since
the controlling input value is produced at G in both cases, both
stuck-at faults on i, j and s are undetectable. The output of

gate G is always 0, and s-a-0 on the gate output is undetectable.
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Figure 2

In the circuit of Figure 2, the reccnvergent gate D has two

stems a and b.

There are no cv paths from either stem to the reconvergent
gate, D. Using Procedure 2 we determine that a = 1 is essential
for setting c¢c=1,d=1, g=1, and i = 1. Since ¢ =1 and g
= 1 are non-controlling inputs for gates A and C respectively,
a = 1 is an essential sensitizing value for gate A and C.
.Similarly, b = 1 is essential for setting e =1, £ =1 and h =
1, and also an essential sensitizing value for gate B. To detect
e s-a-0, we must set b = 1 to active the fault, and a = 1 to
propagate it through A. But a = b = 1 implies h = 1, and the
fault effect cannot propagate through D. Hence, e s-a-0 is

undetectable.
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CHAPTER IV
EQUIVALENCE LAWS

In this chapter, we develop some equivalence laws for
equivalent redundant fault identification. These laws provided
an important basis for our method which is introduced in chapter

5.

4.1 Forward Equivalence Law I and II

In the EST approach, the following rule is introduced (Rule-

A/3.4):

Suppose Ll and L2 are two lines in a circuit with the

property that a vaiue i on line Ll implies a value j on line L2.

Then the existence of the redundant fault (Ll: s-a-i) implies the

existence of the redundant fault (L2: s-a-j).

Here we present a modified version of this rule which is
restricted to a reconvergent region. It is presented as our
Forward Equivalence Law I (FEL I):

Consider an sG-path in the reconvergent region R(s, G) which
does not have an exit path. Suppose the sG-path begins with line
a and let L be either a line on the same sG-path or the output
line of G. If the stuck at value i of a redundant fault (a: s-a-
i) implies a value j on line L, then the occurrence of (L: s-a-73)
1s an equivalent redundant fault of (a: s-a-i).
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FEL I is a special case of Rule-A/3.4 noted above.
Conseguently its correctness follows from the proof of the rule

which is given in [19].

The case where an sG-path has an exit path needs special
attention. For this purpose, consider a general configuration
shown in Fig. 4.1.1(a)* where P(p, gq) 1is an sCG-path in a

reconvergent region R{s, G).

g-l L X X ] gl g 0 ¢ o gn

t+1

Fig. 4.1.1]3)

If a value u on line p implies the value u; at the output of
gate g. for i = 1, 2, ..., n, then a redundant fault (p: s-a-u)
implies (from FEL I) redundant faults (s-a-u;) at the output line

of g, for i =1, 2, ..., n. This means that it is not possible to

both sensitize and propagate the faults (s-a-u;).

* Here, and in the sequel, we use a rectangle to present an

arbitrary gate.
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Consider a modified situation where an exit path is
introduced into the circuit of Fig¢. 4.1.1(a) at point s', which

is on the output line of gate g, as shown in Fig 4.1.1(b):

g] eoe g I

Fig. 4.1.1{1)

With this change, it is now possible to sensitize gand
propagate the faults (s-a-u;) at the output of g for i =1, 2,
., m, because of the propagation path provided by the exit
path. In other words, the (s-a-u;) faults at the output of g., i
=1, 2, ..., m, are no longer redundant. But, on the other hand,
the (s-a-u;) faults at the outputs of g, i = m + 1, .. n {and

the fault s-a-u, on the OP input line of g,., ., which is marked as

W'y, in Fig. 4.1.1(b)) are unaffected and remain redundant.

This provides the basis for another Forward Equivalence Law:
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Forward Equivalence Law II (FEL II):

Consider an sG-path in the reconvergent region R(s, G) which
has an exit path at point s'. Assume the sG-path begins with line
a and let line L be a line on the same sG-path or the output line
of G. Suppose that the removal of the exit path at s' allows the
conclusion from FEL I that (L: s-a-j) 1s an eguivalent redundant
fault of the redundancy (a: s-a-i). If Line L is not between s
and s' then the existence of the exit path does alter the
conclusion that (L: s-a-j) 1s redundant. On the other hand, if

line L is between s and s', then (L: s-a-j) 1s not redundanc.

We illustrate FEL II with Fig. 4.1.2(a):

sl

s-a-1

Fig. 4.1.2(a)
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In the 4.1.2(a), both P(b, h) and P(c, k) are sG-paths.
Furthermore, P(b, h) is a cv path and its path-cv = 0. An exit
path (i.e., line n) branches out at point s2 on the sG-path P(c,
k). Assume that the exit path n which branches out at the point
s2 is removed. Observe that value 1 at line c¢ implies values 0
at both line j and line k. Consequently from FEL I, the redundant
fault (c: s-a-1) implies the redundant faults (j: s-a-0) and (k:

s-a-0), as shown in Fig.4.1.2(a).

The application of FEL II yields the conclusion that (k: s-

a-0) is redundant as shovm in Fig. 4.1.2(b).

s1
¥ s-a3-0
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4.2 Backward Equivalence Law I

In Fig. 4.2.1(a), A is a gate with its input lines and ZIts
output line L. Assume that (L: s-a-f, has been identified
redundant, then any redundant fault ca any input line of gate =~

can not be propagated through gate . This fact reilects =zhe

following truth, which we called Backward Equivalence Law I:

s-a8

Fig. ¢.2.1(3)

Backward Equivalence Law I (BEL I):

Let A be a gate with output line L. If (L: s-a-B) has been
identified as redundant, then s-a-p z: every input line of A Is

an equivalent redundant fault of (L: s-a-B) (see Fig. 4.2.1(b})):

5-3-,8

s-a8
. s-a8
° A b
®

s-a-8

Fig.4.2.1(b)
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4.3 Backward Equivalence Law II (BEL II)

s-a
K ———of

. S-&f

° A p——t— L

]

Fig. 4.3.1(a)
In Fig. 4.3.1(a), A 1is a gate on an sG-path in some
reconvergent region R{s, G). Also assume that:

the input line K is an OP input line to A.

all other input lines are FP input lines to A.

(K: s-a-i) has been identified redundant.

i is the controlling value of A and produces an output

value j.

According to FEL I, (L: s-a-j) is redundant (because value
i on line K implies value j on line L). A stuck-at value of j on
line L means that any sensitized stuck-at fault any OF input line
of A cannot be propagated through A, hence s-a-f is redundant on

every OF input line of A.

We summarize the above observations as follows:
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Backward Equivalence Law II (BEL II):

Consider an sG-path in a reconvergent region R(s, G) and let
K be an OP input line of gace A. If (K: s-a-i) has been
identified redundant by the application of FEL I and i 1s the
controlling value of A, then all COF input lines of A are s-a-p

equivalent redundant to (K: s-a-i) (Shown as Fig. 4.3.1(b)):

K ]
g8 |
° 5-2
o A L
®
—Ssg8 |
Fig. 4.3.1(b)
Fig. 4.3.2(a) - (d) illustrate the use of FEL I, BEL I and
BEL II.
a st d
s-a-1
, | m
K -
Fig. 43.2(a)

Assume in Fig. 4.3.2 (a), that (n: s-a-1) has been found .
redundant. Because line n is the beginning line of the sG-path
P(n, m) for the reconvergent region R(sl, g3), the FEL I 1is

applicable and results in Fig. 4.3.2(Db).



sl d

¢ ¥ j—:g > s-a-1 m
— 19/

s-a-1

Fig. 43.2(b)

Apply BEL II, the application results in Fig. 4.3.2(c).

sl _d

d
h
: EDpun
s-a-1 -
| s_a—

| —— g? f s
k -y i

Fig. 4.3.2(c)

Now apply BEL I, which results in Fig. 4.3.2:d).

‘93 h

Fig. 4.32(d)
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4.4 Forward Equivélence Law III

Consider Fig. 4.4.1, shown as below:

s-aH

(93

. ’ S-a

.6
S-a-

Fig. 4.4.1

According to Rule-A/3.4, the occurrence of s-a-j on the
sutput line of A must be redundant because all the input lines

~f A are bound by the same reconvergent gate G.

We summarize this observation as the Forward Equivalence Law

IXI (FEL III) as follows:

If A is a gate with s-a-i redundancy on each of its input
-ine, where i is the non-controlling value of A, then there 1s
an equivalent redundant fault s-a-j at the output line of gate
A, if j is the output value for that all input lines of A are

assigned the value 1.

The multiple-stem region R(sl, s2, g3) in Fig. 4.4.2 is
used to illustrate FEL III.



s—anl-o h gs)— k

Fig. 4.4.2

1y
L0
O
@
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Vo] e
L:J )

If (a: s-a-1) and {(b: s-a-1) have been found redundant, then
FEL II can be applied because all input lines of g2 have stuck-at
non-controlling value redundancies. Consequently, (h: s-a-0) is

identified redundant.

4.5 Backward Equivalence Law III

To develop our Backward Ecguivalence lLaw III, consider the
reconvergent region R(s, G) in Fig. 4.5.1(a). Assume that the
stemline, L, of s is bound by G and that (P: s-a-3) has been

found to be redundant.

hd .

s-aﬁ . . s-‘g—'

L—¥—]s —t sai
. . I E G e p
o s S'a’:,e

s-a8

Fig. 45.1(a)
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Because L 1is bound by G, any stuck-at fault on L cannot be
propagated to a primary output through G; hence is redundant. In
other words, the redundant fault (p: s-a-j) implies the reduncant
fault (L: s-a-§).

The s-a-j redundant fault at the output of G is a result of
applying FEL I or FEL II. There must be at least one cv path be
active when L = 0 (here a cv path is active means that an
assignment at the stemline will uniquely determine the value of
the output of G along that cv path), and at least another cv path
be active when L = 1; i.e., no matter the value at the stemline
is 0 or 1, a cv path must be active to imply the s-a-j redundancy
at the output of G. Consequently, all single stuck-at faulrcs,
which are on all sG-paths different from these two cv paths, can
not be propagated through G. This results in s-a-f redundancy
at all the OP input lines on the other sG-paths as shown in Fig.
4.5.1(a).

In addition, consider that case that more than one cv paths
will be active with an assignment L = u and at least one otaer
cv path will be active with the assignment L = T. For exampie,
cv path Pl and cv path P2 both will be active when L = u, and cv
path P3 will be active when L = U. Then any single stuck-at fault
on Pl cannot be propagated through G because the sensitizing
value, v, for the single stuck-at fault will make either the cv
path P2 (v = u) or the cv path P3 (v = 1) to be an active cv path
which uniquely determines the value at the output line of G. This
concludes that, in the case shown in Fig. 4.5.1(a), if there
exist more than one cv paths with the same path-cv, the s-a-f 1is
redundant at all OP input lines on these cv paths.

We use the sample circuit in Fig. 4.5.1(b) and Fig. 4.5.1(c)
to illustrate the above observation:
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h
n -
st gD

J
— P sal | s-a-1t
S P e
s d s-a-8
% ‘ 9 s-a-1
|98 p—=

f s-a-8
K r ., W
—\94 sxao

Fig. $.5.1(b)

4.5.1(b), which are P(b,

There are three cv paths in Fig.
P{(c, p) and P(d, q) which

which will be active when a = 1,
After applying FEL I, a s-a-1
-as shown in

n),
will be active when a = 0.
redundant fault is identified at the output of g5,

Fig. 4.5.1(b).
4.5.1(a),

According to the previous observation with Fig.

(a: s-a-B) is redundant. Furthermore, because there exist more

than one cv paths which will be active when a = 0; namely, P(c,

p) and P(d, gq), all OP lines on P(c, p) and P(d, g) are s-a-f

redundant. As shown in Fig. 4.5.1l({(c).

n
b s-al ’_,._” sal
j
— P s-a; .
a s@38 | cs@h g2 Y A S alt

S 4 s-a38 ‘ q .-
k g3

f s-a8 ‘
>% rs-
DmEDS

Fig. 4.5.1(¢)
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We summarize this observation as the Backward Equivalence

Law III (BEL III):

Backward Equivalence Law III:
In a reconvergent region R(s, G), a redundancy at the output
line of G implies a s-a-f redundant fzult or the stem line of s,
if s is bound by G. Furthermore, all OP input lines on any sG-
path which is not a cv path are s-a-f redundant. In addition, ZIf
there exist more than one cv paths which will be active when the
7

stemline s is assigned a value, then z1I OP input lines on these

cv paths are s-a-B redundanc.

4.6 Forward Equivalence Law IV and Backward Equivalence Law IV
In Fig. 4.6.1(a) we assume that {o: s-a-i) has been has been

determined to be redundant as a conseguence of the applicaticn

of FEL I. Also we assume that a value Z on line g implies a value

k on line x and a value m on line vy.

p——— g ¢ ¢ —

S-a; . . o
L-—Kis G S'\a(—i

Fig. 4.6.1(2)
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Observe first that a (s-a-B) redundancy arises on line L

from BEL III.

With respect to stem sl, all branches of sl have the same
redundant fault s-a-i because i can never be assigned in crder
to any branch to sensitize the fault because of the stuck-at
value (p: s-a-i). Because of our assumption that the redundant
fault (p: s-a-i) was the result of the application of FEL I,
Rule-A/3.4 now <can be applied to find &all equivalent

redundancies(see Fig. 4.6.1(b)).

s-a-1
'——.—' o o @ . *
s-a-i
S”a’ﬁ S . . s_a_lr'_—x_'—._'
L= G s
. ° p A
e q s-ai s-a-k
e 2 e ox S-=
e e e B p—¢
Y
Z
Fig. 4.6.1(b)

It must be pointed out that the (s-a-f) redundancy on the
stemline, L, of s cannot be implied to the branches of s because
the redundancy (L: s-a-f8) is a result of taking backward
equivalence from (p: s-a-i) (i.e., the application of BEL III).
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Here we use the circuit in Fig. 4.6.1(c) as an example to
illustrate the above point:

Ss-a,

a f s-a-0
b IAY
L s-a8 | S DG s-a-0 |
s-a-0
c Vi N\ s-a-0

g s-a—é‘ — %

Fig. 4.6.1(c)

Assume in Fig. 4.6.1(c), that (b: s-a-1) and (c: s-a-0) have
zeen identified as redundant. By applying FEL I, (f: s-a-0), (3:
s-a-0) and (h: s-a-0) are found redundant. By applying BEL I, (a:
s-a-f) and (d: s-a-f) are found redundant. Then BEL III implies
{L: s-a-B). But FEL III cannot be applied to (L: s-a-f)} because
it is resulted by the application of BEL III. In fact, (b: s-&-0)
can be tested by the test pattern (a = 0, L =1 and d = 1), (d:
s-a-1l) can be tested by (a = 0, L = 0 and d = 1).

We summarize the above as Forward Equivalence Law IV:
Forward Equivalence Law IV (FEL IV):

Provided that a redundancy s-a-i at a stemline has been
determined by the application of FEL I, then that redundancy

implies the same redundancy s-a-i at each branch of the stem,
and redundancy s-a-j at each line, L, if i implies j on line L.
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Referring again to Fig. 4.6.1(b), the redundancy iT: s-z2-i)

on the output line of the reconvergent gate nas been Imtlled to
each branch of stem sl according to FEL I'V. The redunczncy (qg:
s-a-i) implies a redundant fault (x: s-a-k) ¢n the Input ine of
the gate B and a redundant fault (y: s-a&-= on the oulzut line

of the gate B.

Noze now that the propagation of any sensitizec fau_: zlong
any other input line of B has been blocked. Ccnsequentliy, z: s-
a-f) is redundant. This latter observaticn leads to Zzczwzrd

Equivalence Law IV (which is similar to BEL ZII):
Backward Equivalence Law IV (BEL IV):

=2 A, If

8]}

Lez t be a stemline and let L be an input to a ¢
the Forward Equivalence Law IV (relative tec scemlinz, C
(L: s-s-1) redundant and i is the control :ng valva oI

[}
{
(@]
(B
5 SR Y
1)}
6]

by
i
~
(t
o3
()
6]

(s-a-B) is an equivalent redundant fault - (L: s-a-I) Z:or ali
other input lines of A which are not reachzz e frox C.

Aprlying BEL IV to Fig. 4.6.1(b) resu.ts in Fig. 2.<..:d}:
pr— G @ ¢ — S-a-l
s-a-i
a8 |_ - . s-a[—*
L—"*5 G [—s] :
. . p hd
p——— ® ¢ ¢ o q S-?:I [ 3 S-?—Z
F—e o o —k s-am
e ¢ o @ xs_a_ls B p—r—
z ’

Fig. 4.6.1(d)
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The relationship between the equivalence laws Icrmulated in

this chapter and similar equivalence-based method; =.g., Rule-
A/3.4 in EST and DY1/3.5 and DY2/3.5 in DYRID, will e discussed

in Chapter 5.
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CHAPTER V
THE IMPROVED STRUCTURE-BASED METHOD

The presentation in this chapter outlines a number of
improvements to the HM method introduced in chapter 3. Many
aspects of our work are based on the equivalence laws developed
in chapter 4. In effect, we present an RI method which, like the
HM method, is based on the structure of the circuit. We call our
new approach the Improved Structure-Based method (the ISB

method) .

5.1 Cv path identification

In the HM method, the definition of a c¢cv path 1is as

follows (see Definition 7 in section 3.6):

Let c be the controlling value for a reconvergent gate, G(0 for AND and NAND
gates, and 1 for OR and NOR gates), and let s be a stem of G. If the value v, at the
stem s implies v, = ¢ at an input i of G, any path from s to i, obtained by tracing back
from i along sensitive inputs until s is reached is called a controlling value path or cv
path for the stem value, v,. Paths from s to G without the above property will be called

non-cv paths for the stem value v.,.

Within the context of our ISB method, it is convenient to
use an alternate (but equivalent) definition of a cv path. This

is given below:
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Consider a reconvergent region R(s, G) and let P(x, y) be
an sG-path in R(s, G). Let ¢g., g-, ... g ., be the segquence of
gates along P(x, y). If a value, v, on line x is the controlling
value of g, and the output of g 1is the controlling value for
gate g;.,, for i = 1, 2, ..., (n-1) and the output of g (i.e.,
the value on line y) is the controlling value of G, then P(x, y)

is a cv path.

With respect to the above definition, we call the value v

the path-cv for the cv path P(x, y).

With this definition, our IS3 method identifies cv paths
using the following procedures (simplified version, the part for
cv path identification only. The original version can also
identified so called initial redundancies as well, which will be

introduced in the following section):

PROC. Cv-Path-Identification ( R(s, G); Path-Cv-Table)™*

START

FOR every sG-path P(x, y)

{
set v to be the controlling value of gl, the FGL gate.
let g, be gl and let g, be the successor gate to d,.
Forward-Implication(g,, g,; cv-path-flag);
IF cv-path-flag = TRUE
{

add P(x, y) and v into the Path-Cv-Table;

}/end of IF/

} /end of FOR/

* Here and in the sequel, we use ";" to separate input

parameters and output parameters of each procedure.
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PROC. Forward-Implication (g,, g.; cv-path-flag)

START

cv-path-flag = FALSE;

WHILE the output of g, is the controlling value of g.
{
IF g. = G
{
cv-path-flag = TRUE;
} /end of IF/
Let g. be g. and then g, be the successor to g,:

} /end of VHILE/

END.

In the above procedure, the cv-path-flag is a variable and
the Path-Cv-Table is a table with two columns. One column is the
sG-path identifier to indicate which sG-paths have been found

cv paths and the other column is the corresponding path-cvs.

We use the circuit in Fig. 5.1.1 to illustrate the Cv-Path-

Identification-Procedure.
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The region under consideration is R(sl, gl0). Consider first
the sG-path P(b, f) and assign u = 1, which is the controlling
value of g4. This implies £ = 0. The Forward-Implication
procedure returns a TRUE value for the cv-path-flag: hence P({(b,
f) is added to the Path-Cv-Table and its path-cv is assigned the

value 1.

P(c, h) and P(j, gq) are similarly added to the List-cf-cv-
Paths. However the procedure Forward-Implication establishes that
P(m, i) is not a cv path. The updating of the Path-Cv-Table is

shown as below:

Path-Cv-"1able

After the first iteration sG-path-spec. | path-cv
P, D 1
Path-Cv-Table
sG-path-spec. | path-cv
After the second tteraton P, ) 1
P(c, h) 0
Path-Cv-Table
sG-path-spec. | path-cv
After the third terahon P, f) 1
P(c, h) 0
Pg. 9 0

Table 5.1.1 Path Cv Table

Comparison with the HM method:

The main advantage of the above approach for cv path
identification is that the procedure Forward-Implication travels
each sG-path only once. This is in contrast to the case with the
HM method where each sG-path is travelled at least twice and

possibly three times (see steps BMO and BMl in section 3.6.2).
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5.2 How Cv Paths Cause Redundancies and Initial Redundancy
Identification

In a region R(s, G), assume we have an sG-path, pathl,
which is the only cv path. Assume its path-cv = u. (see fig.
5.2.1(a)). The existence of this single cv path means that the
output of the reconvergent gate G is uniquely determined wher the
stemline is assigned the path-cv value, u. Notice that u is the
necessary condition to sensitize a s-a-G@ fault at any input line
in I(g'(R))(I(g'(R)) 1is the set of all OP input lines wnich
belong to the FGL gates, see section 2.2). Because of this and
the assumption that the path-cv of pathl is u, it follows that
2ll s-2-0 faults at every input line in I(g'(R), excert the one
on pathl, are redundant(see in Fig. 5.2.1(b).

pathcv=u  pathl

———— o s o o non-cy path ————————— G

— LB non-cvy path
Fig.5.2.1(a)
pr—— e o e @ pa‘th cYy=Uu path] S——
s [|sau
> o 0o 0o o non—Cy pa1h G

s-au I
e o o @ non-cy path

Fig.5.2.1(b)
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Suppose now that region R(s, G) contains two cv paths each
with path cv = u. The beginning line of pathl is s-a-i redundant
because path2 is a cv path with path-cv = u, and the zeginning
line of path2 is s-a-U redundant because pathl is a cv zath with
path-cv = u. All beginning lines on all other sG-paths continue
to be s-a-U redundant. Consequently, all input lines irn I(g'/R}))

are s-a-U redundant(see Fig. 5.2.2).

i?(ﬂ IR pathcvy =u pathl
> |sau «+es pathev=u  path? ——
s-a-u
e IR non-cy path —I -
s-a-u .
A B ® o o o non-cy path
Fig.5.2.2

Suppose now that region R(s, G) contains two cv paths with
path-cv = u for pathl and path-cv = U for path2. The reginning
line of pathl is s-a-u redundant because path2 is a cv path with
path-cv = @, and the beginning line of path2 is s-a-0 redundant
because pathl is a cv path with path-cv = u. All beginning lines
on all other sG-paths are both s-a-u (caused by path2) and s-a-
d(caused by pathl) redundant; i.e., s-a-P redundant. (see Fig.

5.2.3).
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e e o e pathcv=u pathl
S _jsau «+ee. pathev=T path? e
s-a8 1 |
—— e o oo non-cv path
s-a-8 :
SRV el e o o o non-cy path
Fig.2.2.3

We define all the redundancies on the input lines ofZ
I(g'(R)) (i.e., the beginning lines of all sG-paths) in a region

R(s, G), as the initial redundancies of the region R(s, G) which

is under consideration. For the case of Fig. 5.2.3, the inicizl
redundancies are: s-a-u, s-a-4@, s-a-f§, ..., s-a-f on tze
beginning lines of pathl, path2, ..., etc.

Notice that the initial redundancy identification analys:is
can be carried out by studying the effect of each cv pazh
independently of the other cv paths; i.e., the overall effect
of cv paths pathl and path2 in the above examples can be deduc=zad
by separately considering each cv path in turn. This leads us o

two important conclusions:

Conclusion-I/5.2:
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Conclusion-II/5.2:

Our ISB method includes an initial redundancy identification

procedure, which is based on the above two conclusions.

It should however, be stressed that Conclusion-I and
Conclusion-II apply only if there are no exit paths(see section
2.2) on the sG-paths under consideration. If such exit paths

exist, then modified conclusions must be formulated.

Consider an sG-path, Pl, in a reconvergent region R(s, G)
and an exit path, P2, which branches out at point t on Pl. There
will be no initial redundancy on Pl because any sensitized
redundancies between s and t on Pl can be propagated through P2.
However, in order to be able to identify possible redundancies
which exist between t and G, our ISB method includes a special
procedure to deal with an sG-path that contains an exit path. The

basis for this procedure is the following observation:

Consider a reconvergent region R(s, G) which has a cv path,
Pl, whose path-cv = u. Suppose P' is another sG-path which has
an exit path. In the absence of the exit line on path P', a
redundancy s-a-i would exist on the beginning line of P'. However
because of the exit line, this redundancy is in fact, a virtual
redundancy. The wvirtual rédundancy s-a-0 1s considered as an

initial redundancy on the beginning line of P'.
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As observed earlier, once a sG-path is identified as a cv
path in R(s, G), we can immeciazely overlay its effect onto the
other sG-paths. This process must however take into account the
possible existence of exit paths on the sG-path. Thus the
overlaying process gives two tables; namely, the Initial-
Redundancy-Table and the Virtuel-Initial-Redundancy-Table. The
first column in these tables is an identifier which is a pointer
to the beginning line of an sG-pzth and the second column is the
specification of the initial =redundancy. Correspondingly, we
replace the Cv-Path-Identificazicn procedure presented in section
5.1, with a procedure called Cv-Path-and-Initial-RI , which is

given as below:

PROC. Cv-Path-and-Initial-RI (X(s, G);
Fazh-Cv-Table,
Zxit-Path-Table,
Initial-Redundancies-Table,

Virtual-Initial-Redundancies-Table)



START

FOR every sG-path P(%X, y)

{

}

set v to be the controlling value of gl, the FGL gate;

let N, be gl and let N, be the successor node to N,;

Forward-Implication (N,, N.; cv-path-flag,
exit-path-ID);
IF cv-path-flag = TRUE
{
add P(x, v) and v into the Path-Cv-Table;
} /end of IF/
IF exit-path-ID # NIL
{

add P(x, v) and exit-path-ID into the Exit-Path-

Table;
} /end of IF/

/end of FOR/

Initial-RI (R(s, G), Path-Cv-Table,

END.

Exit~-Path-Table;

Initial-Redundancy-Table,

Virtual-Initial-Redundancy-Table);



PROC. Forward-Implication (N,,

STARY

cv-path-flag = FALSE;
exit-path-ID NIL;
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N.; cv-path-flag, exit-path-ID)

let exit-path-ID = stem-ID;
let N. to be the successor to Ng;

} /end of IF/

WEILZ the value on the output of N, is the controlling value

of N,

.-

IF N.= G

cv-path-flag = TRUE;

Let N, be N. and then N, be the successor to

N.7

IF N, is a stem line point

{

let exit-path~ID = stem-ID;
let N, to be the successor node to N.;
} /end of IF/

}
} /end of IF/
} /end of WHILE/
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WHILE N, # G

{

Let N, be N, and then N, be the successor node to N,;

IF N. i5 a stem line point
{
let exit-path-ID = stem-1ID;
let N, to be the successor to Ng;

} /end of IF/

} /end of WHILE

END. -

Notice that the above procedure has been modified with the
addition of exit path identification feature. If there are more
than one exit path on a sG-path, the exit-path-ID returns from
the Forward Implication procedure is the last one to be

identified, i.e., the one closest to the reconvergent gate G.
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PROC. Initial-RI (R(s, G), Path-Cv-Table, Exit-Path-Table;
Initial-Redundancy-Table,
Virtual-Initial-Redundancy-Table)

START

For every cv path P(x, v) in the Path-Cv-Table
{
For every sG-path # P(x, y)
{
IF the sG-path is in the Exit-Path-Table
{
{

for the entry in the Virtual-Initial-
Redundancy-Table corresponding to the current
sG-path, overlay the effect of the cv-path,
P(x, v):
}

ELSE

{
for the entry in the Initizl-Redundancy-Table

corresponding to the current sG-path, overlay
the effect of the cv-path, P(x, vy):
}
} /end of IF/
} /end of FOR/
} /end of FOR/

END.
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We use Fig. 5.2.4 (same as in Fig. 5.1.1) to illustrate the

Cv-Path-and-Initial-RI procedure:

Associated with each node, there is a data structure. Thne
format of this data structure is illustrated in Fig 5.2.5 within

the context of nodes g7 and s2.

node_ID g7 —— s2
type NAND STEM
output (or stem line) r r
next (pointer) - —
mputl (or branchl) m i .
mput2 (or branch?) v £

Fig. 5.2.5

The configuration of the Path-Cv-Table was introduced in

section 5.1.
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The Exit-Path-Table has two columns. The first column is the
sG-path specification and the other is the exit-path identifier.

During the execution of the Cv-path-and-Initial-RZ
procedure, after the first three calls of the Forward-Implication
procedure, the Path-Cv-Table is as shown earlier in section S5.1.
The last call of the Forward-Implication procedure returns an
exit-path-ID so we know that P(m, i) has an exit path at node s2.

The resulting Exit-Path-Table is:

Eut-Path-Table
sG-pash-Spec)| ext-path-ID Table 5.3.1
Pim. i) 52 Exit Path Table

After the Path-Cv-Table and the Exit-Path-Table are

generated, the Initial-RI procedure is executed as the follows:

For the cv path P(b, f):
(c: s-a-0) and (j: s-a-0) are redundant, (m: s-a-0) is
virtual redundant.

For the c¢v path P(c, h):
(b: s-a-1l) and (j: s-a-1) are redundant, (m: s-a-1) is
virtual redundant.

For the cv path P(j, qQ):
(b: s-a-1) and (c: s-a-1l) are redundant, (m: s-a-1l) is

virtual redundant.

Notice that the sG-path P(m, i) is not involved in the

Initial~-RI procedure because it is not a cv path.

During the Initial-RI procedure the Initial-Redundancy-Table
and the Virtual-Initial-Redundancy-Table evolve in the following

way:



Initial-Redundancy-Table  Virtual-Inihal-Redundancy-Table

After the first iteration

After the second iteration

After the third tteration

Table 5.3.2

neID|[In1_Re lineID |Ini_Re
b b
c s-a-0 c
] s-a-0 ]
m m |s-a-0
lnelD|Im_Re lineID |Iu_Re
b s-a-1 b
c s-a-0 c
] 5-378 ]
lneID |Ini_Re lneID | Im_Re
b s-a-1 b
c s-a-8 c
L e= )
m m |S535

Redundancy Table and
Virtual Redundancy Table

From the preceding two tables, we know that (b: s-a-1},

s-a-f3) and (j: s-a-B) are redundant and that (m: s-a-8)

virtual redundant.

This is shown in Fig. 5.2.6:

c Sah
% —__\h LW s3
«—1 )= — z
u is-&5 8
9 E
) >l NS ED o
s-a-8" ‘ i
m ¥
— = §

(+ virtual redundancy )

Fig.5.2.6
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Comparison with the HM method:

The advantage of our initial redundancy identification
approach is that initial redundancies can be identified during
the process of cv path identification. In other words, some
processes in the HM method such aé calculating the number of cv
paths (BM32a) and sorting the processes for different strategies

of RI (Bm3la, BM31b, BM32d, BM32e, BM33) have been removed.
5.3 Redundancy Identification in A Single-Stem Region

The ISB method divides the RI work into two parts: Initial
redundancy identification and equivalence laws application. This
strategy is based on a fact that after the initial redundancies
have been found in a reconvergent region R(s, G), other
redundancies in the region or resulting from the region can be
further identified by applying the equivalence laws developed
in chapter 4. In other words, if a redundancy (L: s-a-u) exists
on a line which is inside a reconvergent region R(s, G) or bound
by the region, then an initial redundancy must exist and (L: s-
a-u) 1is an equivalent redundant fault of this initial redundancy.
We provide below a brief outline of the basis for this assertion

for the case where L is on an sG-path.

To test a fault s-a-u on line L of an sG-path Pl requires
that a value U be established on L in order to sensitize the
fault. Also the testing requires that the fault be propagated to
the output of the reconvergent gate G. The propagation of the
fault to the output line of G is readily achieved by assigning
non-controlling values to the FP input lines of the gates between

L and G.
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If the fault (L: s-a-u) is redundant then it must be that
it is not possible to simultaneously sensitize and propagate the
fault (to the output of G). Suppose that a value ¥ is required
at the stemline of the region in order to produce the sensitizing
value @ at line L, i.e., O = ¥. Zf the fault (L: s-a-u) is
redundant, this must arise because tze value ¥, via some cv-path
P2, blocks the propagaticn of the fault through G. In other words
¥ is the path-cv for P2. From Conclusion-I/5.2, it then follows
that the beginning line of path Pl has the redundant fault s-a-v.
Note now that a value v on the beginning line of Pl implies a
value u on line L (this £follows from the contraposition law
(section 3.3) applied to 0 = ¥). Acccrding to FEL I, we know that
(L: s-a-u) 1is an equivelent reduncdzant fault of s-a-v at the

peginning line of Pl.

Y
S-27
c_ %8 :Ei)h T o\W_ s3 ,
d—ry8 'V
t U S'é‘ﬁ B A
sl | g3 8 :::::]u,}____1 gs b——-g
K n :EE);- C D
s-28" ‘ i
m ¥
7
y — 9 r s2 F

(~ termporary redundancy ) Fig.5.3.1



In section 5.2, the procedure Cv-path-and-Irl

presented as the first phase of our ISB method. We ars —ow able

to complete the specification of the method for the single-stenm

case by incorporating the application of equivalence _.zws.

is provided below:

PROC. Single-Stem-Region-RI (R(s, G); Redundancy Table)

START.

Cv-Path-Identification-and-Initial-RI (R(s, G.:
Path-Cv-Table,
Exit-Path-Table,

Initial-Redundancy-Table,

Virtual-Initial-Redundancy-Table!;

h

FOR each sG-path, P, which has an initial or virztuzl ini
redundancy

{
IF P has no exit path

{

Forward-Equivalence-Law-I (P,
Initial-Redundancy-Tabilie;
OP-Redundancy-Table,
G-Output-Redundancy) ;

ct
[N
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ELSE

Forward-Equivalence-Law-II (P, _
Virtual-Initial-Redurndancy-Table;
Exit-Path-Table;
OP-Redundancy-Table,
G-Output-Redundancy) ;
}
} /end of IF/
} /end of FOR/
IF (G-Output-Redundancy # ¢)
{
Backward-Equivalence-Law-III (G-Output-Redundancy;
Stemline-Redundancy,
OP-Redundancy-Takle) *;

Equivalent-Redundancyv-Table);

Backward-Equivalence-Law-IV(Equivalent-Redurndancy-
Table;
NR~Redundancy-Table) ;
} /end of IF/

Backward-Equivalence-Law-II (OP-Redundancy-Table;
FP-Redundancy-Table; ;

Backward-Equivalence-Law-I (FP-Redundancy-Table,
NR-Redundancy-Table;
X-Equivalent-Redundancy-Table);

Report (Initial-Redundancy-Table, OP-Redundancyv-Table,
G-output-Redundancy, Stemline-Redundancy,
Equivalent-Redundancy-Table, NR-Redundancy-Table,’
FP-Redundancy-Table, X-Redundancy-Table;
Redundancy-Table);

END.
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To illustrate the Single-Stem-Recion procedure, we use the
example introduced in section 5.1. We begin with Fig. 5.3.1,
which is the result of applvirng the Cv-Path-and-Initial_ RI

procedure (see Fig. 5.2.5(b)):

The sG-paths for the region R(sl, gl0) are: P(b, f), Plc,
h), P(j, q) and P(m, i). The first three of these has an initial
redundancy (without an exit path; &nd the last has an virtual
" initial redundancy (with an exit path). Recall that the
configuration shown in Fig. 5.3.1 is the result of applying the
Cv-Path-and-Initial-RI procedure. W%e now continue within the
Single-Stem-Region procedure following cthe Cv-Path-and-Initial-RI

procedure.

The loop over the sG-path applies the Forward-Equivalence-
Law-I procedure to sG-paths P(p, £, P(c, h) and P(j, q). The
Forward-Equivalence-Law-II procedurs is applied to sG-path ?(m,

i).

The result is shown in Fig. 5.3.2 (Notice that an implicit
step in applying FEL II is the removal of the virtual redundancy

(m: s-a-f).
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The application of the Backward-Equivalence-Law-II procedure

results in Fig. 5.3.3:
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Because there is a s-a-0 redundancy at the output of glo0,
each of the procedures Backward-Equivalence-Law-III, Forward-
Equivalence-Law-IV and Backward-Eguivalence-Law-IV is applied.

The result following the first procedure is shown in Fig. 5.3.4.

7 gd j—* _glOJwT

t U 5-8-4}iS-a
@: ‘? -,\:8 3 $s-a-8 -a8 B E}——E
s1|s-a4| g B E_,_ E ‘
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S
n
1 ks-a-8
m
v @cr 52 F
Fiq.5.3.4

The result of applying the Forward-Equivalence-Law-IV

procedure is shown in Fig. £5.3.5:

Y
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Fig.5.3.5
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The result of applying the Backward-Equivalence-Law-IV

procedure is shown in Fig. 5.3.6:
X a
ZED b sal e Do
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y +
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” IR LD il e D
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m
F
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Fig.5.3.6

Finally the Backward-Equivalence-Law-I procedure is apzlied

and this provides the final result as shown in Fig. 5.3.7:
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The purpose of the Report procedure is to print out the
Redundancy-Table which summarizes all redundant faults that have

been located. The format of this table is shown below:

Table of Identified Redundancies

Line-ID Redundancy Line-ID Redundancy
b s-a-1 c s-a-f
J s-a-f £ s-a-0
h s-a-0 e s-a-0
q s-a-0 i s-a-1
w s-a-0 u s-a-8
Z s-a-0 A s-a-0
E s-a-0 D s-a-p
a s-a-f d s-a-f
k s-a-f3 n s-a-f3
b'e s-a-f Y s-a-f3
t s-a-f3 B s-a-B
C s-a-f

Table 5.3.3 Table of Identified Redundancies

Comparisons with HM method:

The ISB method carries out the RI process in two
steps; namely, initial redundancy identification and
the application of the Equivalence Laws. Each step
traverses the circuit once only. The HM method, in
contrast, the traverses the circuit more than twice.



5.4 Multiple-Stem Region Analysis

The nature of multiple stem regions was introduced in
section 2.2. Such regions require special treatrment and we now
outline how the ISB method is modified. In £fzct, the only
difference between RI for single-stem region RI anc multiple-stem
region RI is the procedure for cv path identification and initial

redundancy identification.

In a multiple-stem region of dimension m, ezch sG-path has
multiple beginning lines each of which connects to one of the
stemlines. Also, an essential progerty of the fGL gates in a
multiple-stem region is that each such gate is reachable from

every one of the stemlines of the region.

The «c¢v path identification and initiel redundancy
identification for multiple-stem regions is carried out in two
steps. These are described below and each is illustrated with an

example.
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Fig. 5.4.1 shows a such multiple-stem region. There are two
sG-paths; namely, P(a, ¢, f) which has beginning lines a and c,
and P(b, d, j) which has beginning lines b and d. The gates g2
and g4 are FGL gates, but g3 is not a FGL gate.

@ SN ‘
P sl
a—s2
5-g-1 i
d - o “‘N\\ I
b s 3 g4
kK —1 2/
24.1
Step-1/5.4 For every sG-path P, if any stemline value
combination, v,, V3 ..., V-, when processed over the path P,

uniquely determines a value at the output of the reconvergent

gate G, then (x,': s-a-¥), (x;': s-a-%;), ..., (x,': s-a-V_.) are

[V

initial redundant faults on the beginning lines of every sG-path

P' which is different from P.

In Fig. 5.4.1, for the sG-path P(a, ¢, f), the stemline
value combination (p = 0, g = 0) implies the value 0 at the
output of the reconvergent gate gl. Hence from Step-1/5.4, (b:

s-a-1) and (d: s-a-1) are redundant faults.
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Step-2/5.4. For each FGL gate, after the application of
the Step-1/5.4, check if any FGL gate has s-a-u redundancy on all
input lines, where u is the non-controlling value of the gate.

I1f yes, then apply FEL III (see section 4.4).

Consider Fig. 5.4.2. After the application of the Step-
1/5.4, a s-a-1 redundancy is identified on all the input lines
of g2. Note that 1 is the non controlling value of g2, so FEL III

car be applied. As a result, (h: s-a-0) is identified redundant.

d 1
o g
—s] 5
a3 S-a-
a b s-a-1| g2 % 0 S

Fig.5.4.2

Notice that the Step-1/5.4 is equivalent to an analogous
procedure as in the Single-Stem-Region process. Step 2, however,

is a special case which arises from the multiple-stem structure.
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The procedure for initial redundancy identification for the
multiple-stem region can now be presented subsequently. The three
tables, 4S-Exit-Path-Table, MS-Initial-Redundancy-Table and MS-
Virtual-Initial-Redundancy-Table are equivalent to the analogous
tabies :introduced for the single-stem region <case. The
Determirztive-Value-Table used in the Exit-Path-Identification
procedur2 has two columns and each row in the table corresponds
to an sG-path. The first entry in a row 1s an sG-path
specificztion. The second entry is the wvalue, u, which if
assignec to the output of the FGL gate on the sG-path in question
will uniguely determine the value at the output line of the
reconverzent gate, G. If no such value exists, then the sG-path
is not added to the table. The wvalue u is called the

determinative value of the sG-path.

PROC. MS-Initial-RI
(R{(sl,s2, ..., s., G);
MS-Exit-Path-Table,
MS-Initial-Redundancy-Table,
MS-Virtual-Initial-Redundancy-Table)

START
Exiz-Path-Identification (R(s,, S5, ..., Sp G):
Determinative-Value-Table,

MS-Exit-Path-Table)

FOR every sG-path P(x;, Xz, ..., Xpr V)



IF the determinant value, u, of the sG-path exists
{
FOR each stemline value combination (v., Vi, ...,
v.) which produces the value, u, at the output
line of the FGL gate
{
FOR each sG-path P'(x,', %-', ..., X', ¥')
different from P(X;, Xay «.-s %=y Y)
{
IF P' has no exit path
{
FOR i =1 tom
{
add (x,': s-a-¥v.) into the MS-
Initial-Redundancy-Table;
} /end of FOR/

} /end of IF/
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IF P' has an exit path

{
FOR 1 =1 tom

{
add (x.': s-a-¥.) into trne MS-
Virtual-Initial-Redunczncy-
Table;
} /end of FOR/
} /end of IF/
} /end of FOR/
} /end of FOR/
} /end of IF/
} /end of FOR/
/- end of Step-1/5.4 -/

FOR every FGL gate, g'
{

a2l
- -y

IF all input lines of g' have a s-a-v redundant
where v is the non-controlling value of g'
{
Forward—Equivalency-LaQ-III (g':
Initial-Redundancy-Table,

Virtual-Initial-Redundancy-Table)
} /end of IF/

} /end of FOR/
/- end of Step-2/5.4 -/
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PROC Exit-Path-Identification (R(s., S:;; ..., S., G/

START

Determinative-Value-Table,
MS-Exit-Path-Table)

FOR every sG-path P’

{

let u be the controlling value of the FGL gate, g';
let N, be the FGL gate and N. de the successor node to
N,;

IF N, is a stem line point
{

add P' and stem-ID to the MS-Exit-Path-Table;
} /end of IF/

WHILE the value on the output of N, is the controlling
value of N
{

IF N, =G

{

add the P' and u to the Determinative-
Value-Table;
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ELSE

Let N, be N, and then N. be the successor
node to N,;
IF N, is a stem line point
{
add P' and stem-ID to the MS-Exit-
Path-Table;
} /end of IF/
}
} /end of IF/
} /end of WHILE/

WHILE N, # G

{
let N, to be the successor of Ng;
IF N, is a stem line point
{

add P' and stem-ID to the MS-Exit-Path-Table;

} /end of IF/

} /end of WHILE/

} /end of FOR/

END.

Now the complete RI procedure for multiple-stem region can
be presented:
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PROC. Multiple-Stem-Region (R(s, G):; Redundancy Table)

START.

MS-Initial-RI (R{s, G):
Exit-Path-Tacle,
Initial-Redundancy-Table,

Virtual-Initial-Redundancy-Table);

FOR each sG-path, P, which hzs an initial or virtual initial
redundancy
{

IF P has no exit path

{

Forward-Zqui-~valence-Law-I (P,
Inicial-Redundancy-Table;
OP-Redundancy-Table,

G-Cutput-Redundancy) ;

ELSE

Forward-Equivalence-Law-II (P,
Virtual-Initial-Redundancy-Table;
Exit-Path-Table;
OP-Redundancy-Table,
G-Output-Redundancy) ;
}
} /end of IF/
} /end of FOR/
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IF (G-Output-Redundancy # ¢)
{
Backward-Equivalence-Law-III (G-Output-Redundancy;
Stemline-Redundancy,

OP-Redundancy-Table):;

Forward-Equivalence-Law-IV (G-Output-Redundancy;

Equivalent-Redundancy-Table);

Backward-Equivalence-Law-IV(Equivalent-Redundancy-
Table;
NR-Redundancy-Table) ;
} /end of IF/

Backward-Equivalence-Law-II (OP-Redundancy-Table;

FP-Redundancy-Table) ;

Backward-Equivalence-Law-I (FP-Redundancy-Table,
NR-Redundancy-Table;

X-Equivalent-Redundancy-Table);

Report (Initial-Redundancy-Table, OP-Redundancy-Table,
G-output-Redundancy, Stemline-Redundancy,
Equivalent-Redundancy-Table, NR-Redundancy-Table,
FP-Redundancy-Table, X-Redundancy-Table;
Redundancy-Table) ;

END.
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Comparison with HM method:

For the multiple-stem region case, the ISB method traverses
tre whole circuit only once to find all exit paths during the
iritial redundancy identification (this is the same as fcr the
single-stam region case). Another traversal of the whole circuit
is requirsd for the aprlication of the equivalence laws. In the
HM methoc the cv path identification process itself may take
three traversals of the whole circuit. Furthermore, our ISB
method utilizes FEL III in the multiple-stem region case. There

is no equivalent action in the HM method.

5.5 Multiple Region RI Method

The XI process discussed thus far with respect to single-

stem regicns and multiple-stem regions is restricted to a single
region. In this section we enlarge the RI process to redundancies
arising iz multiple regions.

If 2 path, C(x, y), starting from point x and ending at
pocint y on & sG-path, belongs to more than one region, we refer
to C(x, y) &s a common path for the regions it belongs to. Our
discussion in this section focuses on redundancies that can occur

on common paths.

Fig. 5.5.1 provides an example. Line c is the common path,

which belongs to regions R(sl, g2) and R(s2, g2).
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The single stuck at fault (c: s-a-0) in Fig. 5.5.1 is not
a redundant fault in region R(sl, g2), but is a redundant fault
in region R(s2, g2). This illustrates the underlying dilermz.
Consequently some rules are required to deal with the RI problem

on & common path.
We include, in our ISB method, an approach for solving such
a problem; namely, how to identify the existence of redundancies

on common paths.

We use Fig. 5.5.2 to introduce our approach.
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Fig. 5.5.2 is a multiple region circuit with Zour regions:
R(sl, g3), R{s2, G3), R{(s2, g5) and R(s3, g4). There are Zour
common paths: C(m, t), C(h, v), C(p, x) and C(qg, v).

If a region B lies entirely inside another region A, then
some sG-paths, P(x, y), in A can include an entire sG-path P'(x',

y') in B. A similar observation applies for cv paths in A.

For example, in Fig. 5.5.2, region R(s3, g4) lies entirely
within R(s2, g5), and with respect to region R(s2, g5) there are
two different sG-paths that begin at line j and end at line z.
One includes P(p, x) and the other includes P(q, y), then the sG-
path P(j, z) can be a path goes Fhrough either P'(p. x) or P'(q,

y).
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Suppose a multiple circuit has z single -egion R(s, G) and
another single region R(s', G'), and the two single regions have
a common path C(x, y). Let L be a lirne on C(x, y). Now study the

following four cases:

~

In case 1 and case 2, consider G is bound by G'.

case 1 (L: s-a-i) is identified recundant i- one single region

and is not redundant in arzther sinzle region.

Because G is bound by G', any single stuck-at fault on L is
not redundant only if it can be propagated tzrough G first and
then G'. If the propagation is failed in eitzer R(s, G) (i.e.,
the fault is redundant in R{s, G)) or R(s', G' (i.e., the fault
is redundant in R(s', G')), the faul: then cz~ be summarized as
a redundant fault to the multiple regicn circuit. Hence in this

case, (L: s-a-i) is a redundant faul: on the common path C.

case 2 (L: s~a-u) is identified redundant iIn R(s, G} and (L:

s-a-v) is identified redundant in =.s', G').

Using the conclusion in case 1, we kncw both (L: s-a-u)
and (L: s-a-v) are redundant faults to ths multiple region
circuit. If u = v, then the final result is L: s-a-u) (or (L:
s-a-v)) redundant. If u # v, then the final result is (L: s-a-f)

redundant.

Combining the results of the observation of case 1 and case

2, we establish a law as below:.
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Law-I/5.5: If G and G' are bound by one another, then the
redundant faults on a common path L cf R(s, G, and R(s', G') is
the overlaying of the redundancy on L in each single region;

namely, R(s, G) or R(s', G').

In Fig. 5.5.2, for example, if (x: s-a-0) is redundant in
R(s3, g4) and {(x: s-a-1) is redundant in R(s2, g5), then (m: s-a-
B) is redundant to the circuit because g4 is bound by g5 and
hence the Law-I/5.5 holds.

In case 3 and case 4, consider G and G' is not bound by one

another.

case 3 (L: s-a-i) is identified recundant in one single region

and is not redundant in another single region.

Assume (L: s-a-i) is redundant in R(s, G) and not redundant
in R(s', G'), then the existence of the R{s', G') is equivalent
to an exit path to line L refer to R(s, G) because (L: s-a-i) can
be propagated through G'. Hence (L: s-a-i) is not redundant in

the multiple region circuit.

case 4 (L: s-a-u) is identified redundant in R(s, G) and (L:

s-a-v) is identified redundant in R{(s', G').

According to the observation in case 3, R(s', G') can be
respected as an exit path to (L: s-a-u) 1in R(s, G) and
symmetrically R(s, G) can be respected as an exit path to (L: s-
a-v) in region R(s', G'). Hence, unless u = v; namely, (L: s-a-u)
(or (L: s-a-v)) is redundant in both single regions, line L
should be redundancy free. If u = v, then (L: s-a-u) (or (L: s-a-

v)) is a redundant fault to the multiple region circuit.
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Combining the results of the observation of case 1 and case

2, we establish a law as below:

Law-II/5.5: If G and G' are not bound by one another, then a
line, L, on a common path of the two single regions R{(s, &) and
R(s', G') has no redundancy unless (L: s-a-i) 1is idenzified

redundant in both R(s, G) and R(s', G').

For example, in Fig. 5.5.2, if (h: s-a-u) is redundznt in
region R(s2, g3) but not redundant in region R(s2, g5), it is
then not a redundant fault in the circuit since g3 and g5 are not

bound by one another.

We finally consider the case where G and G' is the same
reconvergent gate for the single regions R(s, G) and R(s', G').
If (L: s-a-i) is redundant in one single region; e.g., in R(s,
G), then there must exist a cv path in R(s, G) which 1is active
when (L: s-a-i) is sensitized. So (L: s-a-i) is a redundant fault
to the multiple region circuit no matter it is redundant c¢r not
in another region, R(s', G'). This conclusion is equivalent to
the case G and G' are bound by one another in case 1 and case 2.
We can respect G and G' are bound each other when G and G' are

the same gate.

Consider the question we presented at the beginning of this
section: Is (c: s-a-0) in Fig. 5.5.1 a redundant fault? Now we
can say it is because line c¢ is a common path of R(sl, g2) and
R(s2, g2), where the reconvergent gate in both single regions are

the same gate, and (c: s-a-0) is identified redundant in R(s2,

g2).
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With the above two laws and the observation for the last
case, G = G', we can establish a general idea of the Multiple

Region RI Method.
Multiple Region RI Method:

a) Determine redundancies in each single region

independently.

i) Identify cv paths and initial redundancies in each

region independently.

ii) Apply FEL I and FEL II to identify all

redundancies on sG-paths.

b) Apply Law-I/5.5 on each common path which belongs tc
R(s, G) and R(s', G'), where G and G' are bound by one

another or G = G*'.

c) Apply Law-II/5.5 on each common path which belongs to
R(s, G) and R(s', G'), where G is not bound by G'.

d) Apply equivalency laws as appropriate, to identify
other equivalent redundant faults.

We uvse Fig. 5.5.3 to illustrate our Multiple-Region RI
method:
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There are three reconvergent regions and four commecn paths
in the circuit. The single reconvergent regions are:

. R{(si, gb)
. R(si, g7)
R(s2, 96)

The common paths are:

. C(c, k) belongs to R(sl, g6) and R(sl, g7)
. C(j, q) belongs to R(sl, g6) and R(s2, g6)
. C(m, r) belongs to R(sl, g6), R(sl, g7) and R(s2, g6)
. C(u, u) belongs to R(sl, g6) and R{(s2, g6)
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After step a), the redundancies in the three regions are

5.5.4(a), 5.5.4(b) and 5.5.4(c):

shown as Fig.
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According to step b), we overlap the redundancies on C(m,
which

gé) and R(s2, gé6),

g), Cim, r) and C(u, u) from R(sl,

results in Fig. 5.5.5(a):
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Following the application of step c), the redundancies on

C(c, k) and C(m, r) are removed because they do not exist in both

R(sl, g6) {or R(m, r)) and R(sl, ¢7). This is shown in Fig.
5.5.5(b):
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Fig. 5.3.5(b]

Following step d), the final result is shown in Fig. 5.5.6:
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Comparison with the HM method:

The common path problem is not treated in the HM method.

5.6 Comparisons with Some Existing Methods

A number of comparisons between our IS method and the HM
method have been provided and the HM method have been provided
at the end of each of the sections in this chapter. We emphasize

here two of the main advantages of the IS method; namely,

a) The IS method makes fewer traversals of the circuit and
consequently is able to more efficiently carry out the redundancy

identification task.
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b) Many of the underlying concepts in the IS method can
be applied to circuits with multiple regions, thereby extending

the range of applicability of the method.

The most distinctive and powerful feature in the IS method is
the set of equivalence laws which have been formulated and
incorporated in the method. These provide an exceptionally
effective means for uncovering redundant faults once a set of
initial redundancies has been identified. Both the initial
redundancy identification and the equivalence laws are based on

structural features of the circuit.

Some equivalence features are included in both the EST and
the DYRID approach (see section 3,4 and section 3.5
respectively). Rule-A/3.4 in EST is an equivalence law. Its
weakness, however, is that it cannot be applied backwards. Our
backward equivalence laws therefore enhance the capabilities of

the IS method relative to the EST approach.

The “test cover” law in DYRID provides a backwards
equivalence feature. But it has 1limited effectiveness 1in
uncovering certain types of equivalent redundancies. In IS
method, however, all equivalent redundancies are located. This
is primarily due to our careful distinction between on-path and

off-path input lines.

The "safe FOB" law (DY2/3.5) relates to the important fact
that the Rule-A/3.4 cannot be applied in some special case. This
point is carefully studied in Chapter 4 of the thesis where a

related law (FEL IV) is then formulated.
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We consider now a final example to demonstrate the extended
capability of the IS method with respect to the DYRID approach.
Figure 5.6.1 is an example problem considered in (2] (see also

Fig. 3.5.2(b) relating to our earlier summary of DYRID).
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Fig.5.6.1

. Fig. 5.6.1 shows the result of applying DY1/3.5 and DY2/3.5
after (a: s-a-1) is identified redundant. In addition to the
equivalent redundancies shown in Fig. 5.6.1, IS method can

further identify some other equivalent redundancies as shown in

Fig. 5.6.2.
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CHAPTER VI SUMMARY AND CONCLUSIONS
6.1 Summary

Our concern in this thesis has been with the problem of
redundancy (undetectable fault) identification in combinational
circuits. Following a brief overview of some existing methods
(chapter 3) we focused particular attention on the structure
based method of Harihara and Menon[Z3] (the HM metheod). OQur
particular effort has been with extending and improving the
various structure-based concepts introduced in the HM method.
This has resulted in a new redundancy identification method

which we call the ISB (Improved Structire-Based) method.

24 main feature of the ISB method is a set of eqgquivalence
laws (chapter 4) which we have forrmulated. These assist in
identifying redundant faults with minimzl computational overhead
and should therefore contribute to a superior structure-based
redundancy identification approach. The approach is based on the
identification of a set of initial red:indancies followed by the
application of the equivalence laws. En initial redundancy may
occur on the beginning line of each sG-path within a reconvergent
region. Furthermore, each is a representative of a family of
equivalent redundancies and our equivalence laws provide the

basis for identifying members of the family.

In addition we have proposed an alternate means of cv path
identification. Our alternative has features which we believe
will enhance the effectiveness with which this aspect of the
redundancy identification process can be carried out. Some new
results relating to multiple-stem regions have also been
identified based on the application of our Forward Equivalence

Law IITI.
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Some investigation of the special problems arising in
multiple regions has also been carried out. Our ISB method

therefore is more widely applicable than the HM method.

6.2 Conclusions

As noted by Cormen et al [15], redundancy identification 1is
an NP-complete problem. The redundancy identification process can
therefore only be actually carried out as an approximation

approach.

No implementation of our ISB method has yet been achieved
because of the extensive effort that would be involved in such
a task. Consequently our contribution in this thesis does not
include experimental results with the benchmark circuits that are
typically employed to check the efficiency of redundancy
identification procedures. Nevertheless, we have illustrated the
effectiveness of most of the key elements of our ISB method using
various examples which in some cases have been extracted from

benchmark circuits.

Our work is fundamentally an extension of the structure-
based concepts introduced by Harihara and Menon(23]. It enhances
the efficiency with which structure-based analysis can be carried
out. We believe that an implementation of the ISB method would

provide a superior tool for redundancy identification.
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